* 
‘ 
a 
a a 
. e ra] i 5 
’ ’ ¢ 
‘ \ 
4 | 4 a 
“. re) . 4 — 
» 3 - < 
x ' s . 
4 > 
x 4 si 
. * - 
aa t - 
* “ é sal -— 
% * > " s * 
» 7 4 ‘ 
- 5 
. N ‘ . ‘ 
, ~ , “i _a od MS 
. 
as ; ~ } s jf i » 
' 
J P 
. « 
» - 
. ha * - = 
3 . ‘ 
< oS . > 
| 
., *. °. . ® 
; k +4 
‘ | - > 
\ n . 
6 
» * 
- ‘ ‘ 
. .* > Ps * 
: me * 
. - ~ * 
>. ‘ > 
. ‘ ~ 
® 
. 
’ * 
? > ‘ ¥ 
. 
* 
, 
. 
b 
a bd e 
4 “ cy a S ‘ . 
: C . 
- » = g eS 
. - * 
i 4 < 
’ 
: y 
. re 
} mE ; 
a ‘ . 
'? 
. 
t ° ‘a 4 
- a >. be! x o ; . : 
- go 
pe eS “a + 
—~ ee « g? 
#. ag 
ae 
Th een PR: “ 


. 4 
J 
oe. . . eee | 
Poly Bee ee r- J. ; 
’ ‘ , . : 


: " : 
. . 
: * 
“o ao 
” bs ; 
‘ . 
v a » 
. oe ¢ a@ 
« 
7 i 3 
~ ‘ -* . g i 
7 Ne . ‘ ‘ ° 3 / 
“te ; . 
| ee re 
« i a or ee : 
“i ‘ eo 
. @ 
a a 
. a * = — 
& 4 ™y 
‘ y “i , 
. 4 wet Bia . 
° oa + a . 
a ‘ p. 
: » | 
; a, r: ' 4 
si ‘ aa ~ ‘ 
. % < . 4 
> 4 * — 
‘ o 
vi oe , ‘. : 
. “ >. ae © 
2 ‘ 
ae” c 
” s :2 
“2 ~ —? 
. Pig ‘ 
* 6 * *- 
bi 
[ 5, : + » e ' + 
» © 
, % 
e / ‘ ‘ 
» | 
7 . 
, 
« ~ * > ~ i 
t) 
Be ~~ F 
” > P 
? . 
Ps 5 
- 4 2 
’ . 
r y 
, ” s . 
J o ‘ 
- vi, < { 
e . “a - 
a ; 
| 
o i . . 
; Pp = 
» ~ ) 
- ~ . 
. #4 . ‘ 
* ™.*. s - 
. * 4 ; 
« j et 
° oe. 
* . Ps oa - e . 
‘ > f 9 5 
\ oF , 4 








RESOURCE PUBLICATIONS 





This publication of the Fish and Wildlife Service is one of a series of semitechnical or instructional materials dealing 
with investigations related to wildli‘e and fish. Each is published as a separate paper. The Service distributes a limited 
number of these reports for the use of Federal and State agencies and cooperators. A list of recent issues appears on inside 
back cover. 





Washington, DC 20240 or may be purchased from the Gover.ment Printing Office. Superintendent of 
Documents, Washington, DC 20402 and National Technical Information Service (NTIS), 5285 Port Roval Road, 
Springfield, VA 22161 


—EEE — 











Library of Congress Cataloging-in-Publication Data 
Main entry under title: 


Statistical inference from band recovery data. 


(Resource publication/United States Department of the Interior, Fish and 
Wildlife Service; no. 156) 

Bibliography: p. 

Supt. of Docs. no.: | 49.66:156 

1. Bird-banding-Statistical methods. 2. Animal markifig-Statistical methods. 
|. Brownie, Cavell. il. U.S. Fish and Wildlife Service. ill. Series: Resource 
publication (U.S. Fish and Wildlife Service); no.156.” 


Copies of this publication may be obtained from the Publications Unit, U.S. Fish and Wildlife Service. 
$914.A3 no. 156a 333.95'4'0973s  85-600160 


(QL677.5) (596'.0524'0723) 





00! vei! AVAMAB! E 








STATISTICAL INFERENCE FROM BAND 
RECOVERY DATA — A HANDBOOK 


Second Edition 


By Cavell Brownie 
David R. Anderson 
Kenneth P. Burnham 
Douglas S. Robson 


UNITED STATES 

DEPARTMENT OF THE INTERIOR 

Fish and Wildlife Service 

Resource Publication No. 156 

Washington, D.C. © 1985 — 





BEST PY AVABLABIE 











Preface to the Second Edition 


A second edition to Statistical Inference from Band Recovery Vata — A Handbook was prompted by the exhaus- 
tion of the existing copies. Funds were sought for a second printing and plans were made to update certain sections. 
We believe this second edition will serve users for many years to come. 

There has been relatively little new theory on the class of estimation and testing problems addressed in the 
Handbook since its publication in 1978. However, there have been significant developments in four areas. First, the 
assumptions have been investigated further and studies made on estimator robustness to partial failure of certain 
assumptions. These studies provide a firm setting for assessing the validity of estimates, and other inferences, from 
banding data. Second, various extensions have been developed to model survival rates as functions of auxi!lary in- 
formation and thereby use banding data to explore population dynamic processes. Third, a large amount of new 
theory has been developed since 1978 on the analysis of multiple recapture data. This important subject was just 
entering a period of rapid development at the time Section 8.2 was written. Many of the new references added relate 
to these new developments. Fourth, many changes have been made to computer software. Programs ESTIMATE 
and BROWNIE have been written to be interactive and made to function on a host of microcomputers. In addition, 
two new, very general, programs allow the sophisticated user to fully explore arbitrarily complex models for the 
analysis of banding and recovery data. 

The material in Chapters 1 - 5, 7, and 9 are little changed, but the developments listed above have led to rewrit- 
ting r terial in Chapters 6 and 8. Chapter 6 has been rewritten to reflect the many changes in available computer 
software Section 8.2 has been modified extensively to provide the reader insight into the recently developed 
meth: 's for analyzing multiple recapture data (open population models for capture-recapture data). Sample size 
calculations described in Section 9.3 are now available in program ESTIMATE as an option. The Bibliography and 
Other Literature Cited sections have been merged and updated with the inclusion of 69 new references. New refer- 
ences are starred to allow the reader quick access to the new citations. Two minor errors have been corrected in Ap- 
pendix A dealing with log-likelihood tests. Finally, we have added Appendix C to include 10 recent papers that are 
very important to the subject of banding data analysis. These are reproduced exactly as they appeared in various 
journals, including the original pagination. While those papers selected for reprinting reflect our personal judge- 
ment, we feel tneir inclusion provides a state-of-the-art Handbook. We believe the present theory has matured and 
stabilized and sophisticated computer algorithms now exist for easy application and analysis of almost all band re- 
covery data. 

We appreciate the efforts of Dr. Rollin D. Sparrowe and Richard S. Pospahala of the Office of Migratory Bird 
Management, U.S. Fish and Wildlife Service for authorizing the funds for the printing of this edition. We thank the 
editors of Biometrics, Ecology, Journal of Animal Ecology, Journal of Field Ornithology, and the Journa! of Wildlife 
Management for permission to reprint the papers in Appendix C. 

As we complete the second edition, Cavell Brownie has returned to the United States to a postion in the Depart- 
ment of Statistics at North Carolina State University, Raleigh, NC; David Anderson is the Unit Leader of the Col- 
orado Cooperative Fish and Wildlife Research Unit at Colorado State University, after spending nine years in 
Utah; Ken Burnham left Colorado after eight years to take a position with the Agricultural Research Service and 
the Department of Statistics, North Carolina State University, in Raleigh NC; and Doug Robson has remained at 
Cornell University. 


C. Brownie, D.R. Anderson, 
K.P. Burnham, and D.S. Robson 


June 1, 1985 


REST Gary AVAKABIE 











Preface to the First Edition 


This handbook presents a discussion of modern methods for the detailed analysis of certain types of marking 
studies of animal populations. The discussion and examples focus on bird banding studies, which are a common and 
important application and permit a consistent terminology. The estimation methods and statistical testing 
procedures presented here are potentially applicable to fish tagging experiments, entomological investigations, 
and studies of certain reptiles and amphibians. Bird banding studies, as these of game and nongame birds both 
migratory and resident, are perhaps the most extensive field of application. Indeed, probably over 40 million 
birds have been banded in North America alone. 

The material presented here represents research done by the authors over a 4-year period. Interest in the 
specific subject was engendered by G. A. F. Seber’s paper in Biometrika (1970). (Robson and Youngs had developed 
the same model independently while Seber’s paper was in press.) At that time D. R. Anderson was studying 
population ecology of the mallard at Patuxent Wildlife Research Center and wanted to extend Seber’s stochastic 
model to admit age-specificity. Subsequent contact with D. S. Robson and C. Brownie at the Cornel] Biometrics 
Unit soon produced a contract funded by the U.S. Fish and Wildlife Service to explore the age-specific estima- 
tion problem. 

This work led to the development of a series of models that we believe will be useful to many persons in years 
ahead. Under the initial contract, three new models ‘herein called H,. H.. and H,) were developed for the analysis 
of age-dependent banding data. The contract was then extended and additional models were developed to allow 
further generalizations and new experimental situations. Eight of these models (//, through H.) formed the basis 
for Brownie’s Ph.D. dissertation in biometry written under Robson at Cornell University. K. P. Burnham's 
arrival at Patuxent during the contract work stimulated further thought and development particularly with 
regard to additional age-independent models and further testing procedures. Comprehensive computer programs 
were developed at Patuxent for the age-independent models and at Cornell for the age-dependent models. 

With the analysis of 4 million mallard bandings in progress at Patuxent, we could still see the need for additional 
models. Five more models (M,. M.. M,, H,, and H,.) were developed and incorporated into the existing computer 
programs. We began to consider other issues as well: additional statistical tests required, estimation of instantan- 
eous mortality rates under various assumptions, the power of certain tests, statistical bias of estimators, geometric 
means of survival rates, estimators of band reporting rates, and sampling correlations between certain estimators. 

Our efforts in this area have reached a convenient stopping point. The analysis procedures for the most common 
field experiments are now well developed. Still, there are several additional areas deserving attention. Most 
notable are the age-specific marking experiments of animal populations captured and released alive. Also, estima- 
tion and testing procedures for experiments involving both recovery information and data on live recaptures 
need to be developed and computer programs written to facilitate their use. 

It is important for users of this handbook to knew and understand the assumptions of a particular method, test, 
or model. The results are dependent, sometimes critically, upon the assumptions being made. Consequently, we 
have given considerable emphasis to these underlying assumptions. Furthermore, we present tests to assess the 
goodness of fit of each model to the data and tests between models. The assumptions and the procedures to statis- 
tically test these assumptions are as important as the estimation methods themselves. 

The most useful results of our efforts are presented in this handbook, which we hope is a simple, easy-to-read 
primer. The subject of estimating parameters from marking experiments of animal populations is now very 
advanced. We have tried to simplify the presentation by employing a number of examples from real data. Of 
course, the availability of the computer programs alleviates many of the technical difficulties faced by biologists 
who use these methods. A guide to the mathematical theory underlying these methods is presented in two 
appendices. 

The handbook is written on a level that should be understood by biologists who have taken two or three courses 
in applied statistics and a course in differential calculus. We have had to assume the reader is familiar with 
concepts such as random variables, estimators, sampling variances, confidence intervals, and chi-square test 
statistics. We make no apvulogies for these fundamental requirements. 

As we complete work on this manuscript, C. Brownie has returned to Jamaica to live, DR. Anderson has taken 
a position in Utah, K. P. Burnham has taken a position in Colorado, and D. S. Robson is heading for Australia on 
Sabbatical leave. 


Cavell Brownie, David R. Anderson, 
Kenneth P. Burnham, and Douglas 8S. Robson 
June 1, 1976 
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Chapter 1. Introduction 
1.1 Purpose and Scope of Handbook 


This handbook was prepared as an aid to those engaged in the analysis of several kinds of bird banding and other 
animal tagging studies. A common objective in most of these studies is the estimation of parameters which will 
reflect population survival. Here we focus considerable attention on the estimation of survival rates and specif- 
ically concentrate on inference procedures (estimation and hypothesis tests) regarding time- and age-specific 
survival rates. 

We focus on migratory bird banding studies because such studies motivated our research and the development 
of most of the techniques discussed in the following chapters. In addition, bird banding studies are relatively 
widely read and employ a common, simple terminology. We hope the consistent use of bird banding terminology 
and examples will aid rather than confuse people involved ii. other types of animal tagging experiments. We feel 
that the methods presented in this handbook are potentially applicable to a wide range of field studies in addition 
to bird banding studies: fish tagging: bat banding; marking studies of certain reptiles and amphibians, several 
marine and terrestrial mammals; and a wide variety of entomological investigations. 

We examine animal banding or tagging studies where: (1) A number of animals are caught and banded ‘tag, 
mark) each time period (year, month, week) for & such equal time periods (often the time period is a year). Gen- 
erally, each band or tag carries a unique number or code. (2) Records are kept of bands or tags reported from dead 
animals for each time period from each batch banded. Therefore, the recovery data conveniently form an array 
representing the number of bands or tags recovered in time period / from those animals originally banded in 
time period : 

We cousider only bands from dead animals. However, the methods we discuss in the following chapters can often 
be used as a good approximation to the ana'ysis of data from studies of banded animals recaptured alive and sub- 
sequently released again, if the recapture rate is low. This subject, which is discussed in Section 8.2, extends the 
usefulness of the methods described. The development of comprehensive, efficient inference methods for many 
common types of recapture studies is incomplete and, therefore, it may be appropriate to use the techniques pre- 
sented here as useful approximations until more general and efficient methods are developed and made available. 


l 
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Band 4g studies of exploited species of birds are typical of the types of field research covered in this handbook. 
For example, a large sample of birds such as adult male pintail (Anas acuta), are banded in August each year for 
k consecutive years in one general area. Records are kept by the Bird Banding Laboratory on the number of bands 
reported from dead birds in the ” year after banding. (For game bird data, it is common to analyze only recoveries 
from normal, wild birds that were shot during the legal hunting season.) 

Several methods for the analysis of such data have been proposed in the literature over the last 4 decades. The 
early methods were unsophisticated and poorly developed and usually based on the deterministic life table concept 
taken from: human demography. Only in recent years have the proper methods fer analysis of these data been de- 
veloped. Seber (1962) probably made the original contribution to the correct conceptualization of analysis pro- 
cedures ‘(although he drew from the results of Darrvoch | 1959 | and others). More recent papers of importance include 
Jolly (1965), Robson and Youngs (1971), and Seber (1965, 1972). Cormack (1979) and Seber (1982) present detailed 
reviews of the various methods for such data as well as analysis techniques for live recapture experiments 

This handbook covers the analysis of banding studies for one, two, or three identifiable age classes, it also pre- 
sents methods for use when banding is done twice a year on the same population. In all, we discuss 14 models, each 
allowing different and testable assumptions. For each model we present optimal estimators of certain parameters, 
the most important of which are annual survival ana recovery rates (other parameters include mean life span and 
average annua! survival and recovery rates}. Estimates of sampling variation (precision) are given for all param. 
eter estimators. Confidence intervals on parameters are presented and, for models currently of practical value, 
goodness of fit tests are presented. Also, tests between models are presented which are useful for selection of the 
appropriate model and for pooling data sets. The last chapter is devoted to the subject of planning a banding study. 


1.2 Basic Structure of Band Recovery Data 


We will illustrate the basic nature of experimental banding data with a study from a midwestern State where 
adult male birds were banded in August each year in 1964-66. Banding was initiated in 1964 when 1,603 adults 
were banded. In August 1965, 1,595 birds were banded. Some banded birds from these two cohorts were killed 
during the hunting seasons of 1964 and 1965 and their bands were reported to the Banding Laboratory. After 2 
years, the recovery data can be summarized in the following triangular array: 


Recoveries by 
hunting season 
Year Number 
banded banded 1964 1965 
1964 1,603 127 44 
1965 1,595 62 


The interpretation of this table is straightforward. Of the 1,603 birds banded and released before the 1964 hunting 
season, 127 bands were recovered from birds killed during the 1&4 season. From survivors, of this original banded 
cohort of 1,603, alive at the start of the 1965 hunting season, 44 bands were recovered. Sixty-two bands were 
recovered during the 1965 hunting season from the 1,595 birds banded just before the 1965 season. 

In 1966, 1,157 new birds were banded, and from this cohort 82 bands were recovered during the 1966 hunting 
season. The recovery data, through 1966, can now be summarized in the following triangular hrray: 


banded banded 1964 1965 1 
1964 1,605 127 44 37 
1965 1,595 62 76 
1466 1,157 82 


From the 1966 hunting season a total of 195( =< 37 + 76+ 82) bands were recovered from the three banded cohorts. 

The analysis of this data could be accomplished by considering only the recovery data from the 1964-66 hunting 
seasons. The methods described in this handbook are free of “truncation” problems that are associated with many 
life table methods (i.e., analyzing the recoveries before all banded birds are dead). Although no bias results from 
the use of only the 1964-66 data, addi*ionai precision in the parameter estimates will be realized by using recovery 
data that are obtained after the 1966 hunting season. For example, if the recovery data from the 1967 and 1968 
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hunting seasons were also available, the analysis could be improved (greater precision) by considering the ex- 
tended, nontriangular data array below: 


Recoveries by hunting se .s0n 


Year Number —_-—— 

. banded banded 1964 1965 1966 1967 1968 
1964 i 603 127 44 37 40 17 
1965 1,595 62 76 44 28 
1966 1,157 82 61 24 


Experimental data, such as those shown above, could result from banding programs conducted during the winter 
(when birds are on the wintering grounds) or in late summer (when birc ; are still on the breeding grounds). Birds 
are generaliy not banded during the breeding seasons so as not to disturb them during this critical period. Banding 
during migration or during the hunting season should be avoided because of difficulties in interpretation and 
analysis of such data. 

In general, banding studies will involve catching, banding, and releasing a sample from some population at 
regular intervals. (In bird banding studies, intervals are usually 1 calendar year.) We introduce the following 
terminology to facilitate developments of this chapter. For & banding occasions let N,,....N, be the numbers 
banded and released back into the population. Equal time intervals between bandings are assumed. Let the band 
recovery data be represented by R,, defined as 


R,, =the number of band recoveries in hunting season / from birds originally banded in year :. 


In the example above R,, = 127, Ry, = 44, R., = 76, etc. The general method we recommend for displaying data is 
shown below in this symbolic notation 


Recoveries by hunting season 
Year Number 


banded banded l 2 3, ee A 
l N, R,, R,. | om R, 
2 N; R.. R:.. R. 
3 N, R... R 
k N, R,. 


We make the following definitions: 


k = the number of years of banding 
the total number of years of recovery |» = k/. 


Often one has & => as in the triangular data array above. In general, however, band recoveries continue to be 
reported after the banding program has ceased. In the example above, the extended, nontriangular data array 
has k= 3 and, = 5. 

For adi:lts from one species and sex, there will be just one such recovery data array per study. Often, however, 
both young and adults are banded from the same species and population. Then there will be two such data arrays 
to consider for statistical analysis. Less often, three age classes are banded: young, subadults, and adults. Also, 
there may be birds of both sexes banded leading to yet more data arrays to consider. Models (14 in all) and data 
anaiysis procedures for all these situations are dealt with in chapters to follow. 


1.3 Modeling Band Recovery Data 


General Concepts 


Explicitly-stated models are essential to any statistical inference problem; it is the mode! which hypothesizes 
the relationship between what we know (the data) and what we do not know but want to estimate, e.g., the rela- 
tionship of band recovery data to the animal population under study. Because the detailed statistical analyses and 
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their recommended interpretatiun are critically dependent upon the various models used, it is imperative that the 
reader understand the assumptions of these models. For this reason, in the following chapters, we have stressed 
the nature and assumptions of each model. This section gives an introduction to how these models are conceived 
and structured, and to the basic underlying assumptions. 

When an animal is banded or tagged we cannot predict when, if ever, the band or tag will be recovered; thus 
the event “the band is recovered” must be conceptualized as a random event. The correct model to describe these 
events requires the use of probability statements, and consequently must be stochastic (probabilistic) as opposed 
to the older deterministic descriptions of such data. 

For example, consider just the recoveries R,, from the first hunting season after banding N, birds. The appro- 
priate model is a probabilistic one, which treats R,, as a random variable. If we let the parameter /| be the band 
recovery rate (i.e., the probability of a band recovery from any bird) for this first year, an appropriate model takes 
R,, as a binomial random variabie with sample size N,, and rate parameter /,. In abbreviated form we say R,, is 
binomial /N, /,/. We note this model has both stochastic and structural components, with the structural component 
being represented by the average or expected value of R,,, symbolized as E/R,,) = N,f\. Let R,. be the number of 
bands recovered in the second hunting season from the N, banded birds. Let S, be the survival rate during this first 
year of the study (the calendar year between bandings). Let /: be the band recovery rate from birds alive at the time 
of banding in the second year of the study. Then the model structure for the expected number of recoveries in year 2 
(E/R,.)) is N\S,f. A model for R,., as a random variable, is the binomial ( N,.S,/-) model. 

In practice we do not deal with just 1 year of recoveries from one banded cohort. As explained in the previous 
section, bandings will be made at approximately yearly intervals, for some period of years, anc. band recoveries 
obtained over several years from each banded cohort. The model used must relate to the entire study whether there 
is one or more array of recovery data (one or more age classes, and one or both sexes). There are three components 
to these models: (1) the model structure, which expresses the expected recoveries in terms of numbers banded and 
survival and recevery rate parameters; (2) the stochastic component which describes the sampling probability dis- 
tribution of the recovery data (i.e., recognizing the recoveries are random variables and are from a sample); and 
(3) a component that is never explicity used. The third component is the assumption that the banded sample is 
representative of the larger population, hence inferences (such as survival rate estimates) apply to this population, 
not just the sample at hand. This last component can be broken into numerous assumptions, most of them not test- 
able from the recovery data, and their validity generally depends upon the sampling design and field procedures 
used in banding. 

In this section and throughout most of the handbook, when we refer to a modei, we mean only the structural 
component. Only in Section 1.5 do we discuss the general sampling probability model for these types of data. The 
next two subsections should give the reader a better understanding of model structures and assumptions. 


Model Structures 


The structure of band recovery models is generally based on two types of parameters: an annual survival rate S 
and an annual band recovery rate /, These parameters have probability interpretations as follows: S = the prob- 
ability that a bird alive when a given cohort is banded will survive 1 calendar year to the time of next banding, and 
f- the probability that a banded bird alive when a given cohort is banded will be shot and its band reported during 
the next hunting season. 

We emphasize that the critical or key assumptions in constructing a model for the analysis of banding data re- 
late to these survival and recovery rate parameters. For e ample, do the values of these parameters vary with the 
age or sex of the bird, its capture and banding history, or the calendar year? It is of biological importance to know 
if the survival rate for a particular species or population segment is age- or sex-specific. In an attempt both to answer 
these questions and to obtain estimates of the parameters, a series of models (hypotheses) have been developed, 
each with a different model structure. These models differ depending on the hypothesis concerning how S and f vary. 

Consider the hypothesis (tentative assumption) that recovery and survival rates are constant (i.e., they do not 
vary by age of the bird or calendar year). This hypothesis leads to the following model structure representing the 
expected number of band recoveries: 


Expected recoveries by hunting season, E:R_ ) 
Year Number 


banded banded l 2 3 4 
1 N, Nif N\Sf N,SSf N,SSSf 
y) N. N.f N.Sf |N.SSf| 
k=3 N Nog N.Sf 
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As above, our representation of a model will entail its structure only and be expressed in a form analogous to the 
recovery data themselves. 

Consider the expression in brackets in the table above. This term represents the expected number of band recov- 
eries the fourth year of the banding study, from the sample of N, birds banded in the second year of the study, 
E/(R:.,) = N.SSf. Its meaning is simple and logical. The expected number of survivors during year 2 of the study is 
N.S. From the start of year 3, we expect a proportion S of these survivors to live to year 4 of the study. Hence, there 
are N.SS survivors expected at the start of year 4. A proportion fof these survivors will, on the average, be shot and 
their bands reported. Thus the expected number of band recoveries in the fourth year of the study from the N- birds 
banded in year 2 is N.SSf. In this particular model we are hypothesizing that S and fare constant from year to year 
and independent of age. 

Now, !et us specify, for illustrative purposes, that the underlying population parameters are: 


f=0.10 or a 10% annual recovery rate, 
S = 0.50 or a 50% annual survival rate, 


and that, in fact, fand S are indeed constant. We also specify (for the purpose of this example): 


N, a 2,000 
N.= 400; Number banded in the i” year. 
N,; -_ 1,200 


Then, on the average we would expect the following recovery data: 


Expected recoveries by hunting season, E/ R,,/ 


Year Number 
banded banded l 2 3 ,=4 
1 2,000 200 100 50 25 
2 400 40 20 {10} 
k=3 1,200 120 


Return again to the value that is bracketed: N.SSf= 400 x 0.50 x 0.50 x 0.10 = 10 recoveries. 
The expectations of the recovery data can be easily expressed for this simple model in terms of the two param- 
eters S and /(for arbitrary values of k and, , the number of years of banding and recovery, respectively): 


E/(Ri) =Nif é=l,...,h, 
E(R\)=N\S’ -'f i=1,...,k, j=i+tl,..., e, 


These concepts could be made more general and realistic if, for instance, recovery and survival rates were hypoth- 
esized to vary each year. The model structure representing these tentative assumptions would be: 


Expected recoveries by hunting seasion, E/R,,) 
Year Number 


banded banded 1 2 3 j= 
i N, Nifi N Sif NS, S:fi N,S,\S8.S,f, 
2 N, N, f- N.S, fi | N.S.S fs 
k=3 N, Nf, N. Sof 


Here, the parameters of the model are subscripted to indicate the dependence on calendar year (i.e., the parameters 
S and fare year-specific). 
Again, for purposes of er. .mple, let us specify that the underlying population parameters are: 


Year Recovery rates Survival rates 
1 f, = 0.05 or 5% S, = 0.50 or 50% 
2 f. = 0.10 or 10% S, = 0.50 or 50% 
3 f, ~ 0.06 or 6% S, = 0.70 or 70% 
4 f, - 0.05 or 5% 
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Given the above, on the average we would expect the following recovery data (the number banded will remain the 
same as the previous example): 


Expected recoveries by hunting season, E:R } 


Year Number —_—__—_—_ _ 
banded _— banded 1 2 3 (=4 
1 2,000 100 100 30 18 
2 400 40 12 [7] 
k-3 1,200 72 42 


Here, for example, the term in brackets is N.S.S,f, = 400 x 0.50 x 0.70 x 0.05 = 7 recoveries. Notice that the expected 
number of recoveries is quite different under the two models. In general, the expectations under the assumptions 
that recovery and survival rates are time-specific can be expressed in terms of these parameters as: 


E(R.) =Nif, J=1,...2, 

E/R,,)=N,S,---S, sf Az=i,...2, j=itel,..., F 
In this case, the parameters S,,...,S; -, and fi,...,f, are estimable whether ¢ = & or not. If, however, ¢ > & the pa- 
rameters S,,...,S. and f, .:,...,/¢ are not separately estimable; only the products such as Sf, . ;, SS; .ifi.2,..., 


S,::-S ,f are estimable. This subject is discussed in Section 2.2 of Chapter 2. 


The above examples show the relationships among the specific hypotheses about survival and recovery rates, 
model structures representing these hypotheses, and the values that would be expected on the average under such 
a model. Of course, the actual recovery data will vary somewhat from the expected or average values because sur- 
vival and band reporting are random events. In practice, the biologist has only the observed data (plus some knowl- 
edge of the biology of the species), but usually does not have a priori knowledge of the underlying process and, 
therefore, does not know what model is most appropriate. 


Assumptions 


As mentioned above, there are numerous assumptions invoived in making inferences from banding data; impor- 
tant ones are listed below. 

Assumptions relating to study planning, field procedures, and type of species: 

(1) The sample is representative of the target population; 

(2) age and sex of individuals are correctly determined; 

(3) there is no band loss; 

(4) survival rates are not affected by the banding or tagging itself; und 

(5) the year (hunting season) of band recoveries is correctly tabulated. 

Assumptions relating to the stochastic model component: 
(6) The fate of each banded animal is independent of (not correlated with) the fate of other banded individuals; 
(7) the fate of a given banded animal (i.e., band recovery in year 1, 2,... after banding) is a multinomial ran- 
dom variable. 
Assumptions relating to model structure: 

(8) All banded individuals of an identifiable class (e.g., by species, age, sex) in the sample have the same annual 

survival and recovery rates (except model H, of Chapter 3); and 

(9) annual survival and recovery rates may vary by calendar year, and/or by age and sex of individuals (varia- 

tion of survival and recovery rates by area | population | is also possible). 
In practice, assumption 9 is a series of very specific assumptions which can be investigated and tested in detail 
from the recovery data themselves. These assumptions specify the exact model structure, they constitute the focus 
of this handbook, and in the usual type of banding study they are the only testable assumptions. 

It is beyond the scope of this handbook to discuss field procedures in detail because they will vary by species and 
study. Sections 9.1 and 9.2 offer some guidelines on this subject. Obtaining a representative sample is important; 
in studying populations. This is always of potential concern (see Weatherhead and Ankney 1984, 1985 and Burn- 
ham and Nichols 1985). Recently, Pollock and Raveling (1982) and Nichols et al. (1982) presented valuable infor- 
mation on these assumptions (see Appendix C). Nelson et al. (1980) examines the effect of band loss (assumption 3) 
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on survival estimators and Anderson and Burnham (1980) investigate the effect of delayed reporting of bands (as- 
sumption 5) on these methods (both of these papers appear in Appendix C). 

Based on assumptions 6, 7, and 8, we model the recovery data from any banded cohort as muitinomially dis- 
tributed random variables. This distribution is the basis for deriving sampling variances, and covariances of esti- 
mators, tests for goodness of fit, and tests between models. We believe these tests do not critically depend upon this 
presumed sampling distribution; hence, some degree of failure of this assumption (which occurs if assumption 6 is 
not true) does not destroy the usefulness of the methods presented here. Assumption 7 is shown to be mathemati- 
cally true in Sect’on 1.5. Assurrption 8 is important but it is generally not testable if there is no method even in 
principle, to further partition the identified class of animals. However, the test between models H, and H, (Chapter 
3) is a case where assumption 8 is testable. 

Given assumptions 1 through 8, we have a model in which the only unknown is the structure of the expected 
band recoveries as a function of annual survival and recovery rates, i.e., E(R,,)= N x (a function of annual survival 
and recovery rates). In subsequent chapters when we discuss model assumptions, we mean those distinct, detailed 
assumptions which specify a model structure for expected band recoveries in terms of variations in S and / (sur- 
vival and recovery rates) with respect to time (calendar year), area, age, or sex. 

The reader should be aware of one more assumption. We have limited ourselves to instances of equal time peri- 
ods (usually 1 year) between bandings, the most common situation. All the analysis methods presented herein 
assume equal time periods, and {hus certain of these models and tests are not appropriate for use on data with 
unequal time periods between banding or tagging. This subject is discussed further in Section 8.5. 


1.4 Data Analysis 


Estimation with a Given Model 


Given an explicit, biologically reasonable stochastic model representing a specific hypothesis about survival 
and band recovery rates, we are faced with estimating the parameters of the model. Fortunately, a well-developed 
theory for efficient estimation of parameters from such models exists. This theory of parameter estimation has had 
a long history; most of the initial developments and their early elaboration are credited to the famous statistician 
Sir Ronald A. Fisher. In the 1920's, Fisher published extensively on the method he called "Maximum Likelihood.” 
This method forrns one fundamental approach to statistical estimation and inference theory. For many practical 
models, Maximum Likelihood (ML) estimators are optimal in many respects (e.g., for a given model, no other =.ethod 
will produce consistent estimators with a smaller sampling variance). Most modern methods for estimating pa- 
rameters from animal marking experiments are based on the ML method, and it is the basis for the estimation pro- 
cedures in this handbook. 

It is not necessary for the reader to understand the statistical theory underlying any of the data analysis meth- 
ods presented in this handbook ‘e.g., parameter estimation, estimation of sampling variances and covariances, 
confidence interval construction, goodness of fit tests, or tests between models). All the general underlying statis- 
tical theory is fairly standard, and its properties are known. Thus we can assert that most of the data analyses 
methods presented here can not be improved upon. These methods make optimal use of the data under any given 
model. We give some minimal introduction to the relevant mathematical methods behind these models in Section 
1.5 and in the Appendices. However, for the most part, the interested reader will have to consult the original refer- 
ences for the details of estimation and inference :ievelopments for each model. 

Our strategy in the following chapters that discuss given models is to first present the model structure and the 
key assumptions on survival and recovery rates which yield this structure. Then, where possible, the formulae for 
parameter estimators are given; finally, the formulae are given for sampling variances and covariances of these 
estimators. The following type of notation is used: If X represents a parameter, then its ML estimator is denoted 
by X. Theoretical sampling variances, covariances, etc., and their estimators are denoted as shown below: 


Quantity Theoretical Estimated 
variance VARIX) var(X) 
standard error SE(X) se(X) — 
covariance COV(X.Y) cov/ X,Y) 
correlation CORR X,Y) corr( X,Y) 
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Often ML estimators are slightly biased. This is true with some estimators (mainly estimators of survival rates) 
under several modeis. We have developed adjusted estimators that are essentially free of this small sample statis- 
tical bias. The ML estimators that are adjusted for statistical bias are represented by a tilde (" ) over the parameter, 
e.g., X. Correspondingly, X replaces X in formulae for sampling variances, covariances, and correiations, e.g., 
VAR(X) and var/X). (We do assume that the reader has had some basic statistics, and is tamiliar with concepts of 
estimation, bias, accuracy, sampling variation, models, etc. A useful reference on this subject is Overton 1969.) 

As part of the analysis of recovery data under any given model we also usually give a goodness of fit test to judge 
whether the model is an acceptable fit to the data. These goodness of fit tests are meant to be used in the processes 
of selecting the appropriate model for any given data set. 


Selecting the Best Model 


The proper model must be used if sound inferences are to be made from the analysis of banding or tagging data. 
We want to adopt the simplest model which adequately fits the given data set. This philosophy follows the general 
principle in science of using the simplest acceptable model to describe a phenomenon (Occam's razor). 

First we will examine the alternatives to this philosphy: models that are too simple and modeis that are too gen- 
eral. In using models of banding studies, we have found that overly simple and restrictive models are worse than 
overly general models. Here the simplified model, and the hypothesis (tentative set of assumptions) it represents, 
does not fit the observed data. Here we risk substantial bias (regardless of how large the sample size) in the esti- 
mates of parameters and/or their sampling variances and covariances. Worse yet, the estimates of sampling vari- 
ances are almost always too smali. Consequently, the investigator has a false sense of security because he/she 
believes the estimates are very precise. This bias can lead to apparently significant differences if, for example, 
survival rates are compared between two geographic areas, where actually no differences can properly be shown. 
Use of a model that is too simple is almost always nonconservative. The composite dynamic method has been used 
in the analysis of bird banding data for 35 years but few investigators had ever bothered to see if this “model” fit the 
data being analyzed. These assumptions were recently tested for waterfowl (Burnham and Anderson .979) and 
nongame birds (Anderson et al. 1981) and were soundly rejected. These fac's further emphasize the need for proper 
testing procedures to aid the selection of an adequate set of models. 

The second alternative is the use of a model that is too general, a model that allows more parameters than are 
necessary. Here, the point estimators of parameters are inefficient, although they are unbiased. The estimated 
sampling variances and covariances are large, indicating that precision has been sacrificed. Testing procedures 
tend to be conservative, failing to detect significant differences that, in fact, exist. 

We are recommending two types of procedures to statistically test various models and to select the proper one. 
The first test is a goodness of fit test. Here the null hypothesis is that the model fits the data, while the alternative 
hypothesis is a general one —the model does not fit the data. If the null hypothesis is rejected for a particular data 
set, that model should no longer be considered. The second test is more specific and tests one model against another. 
Here the alternative is specific. The null hypothesis is that the simplest model, the one with the fewest param- 
eters, fits. Again, if the null hypothesis is rejected, the simple model should not be considered further in the analysis 
of a particular data set. 

Choice of a “proper” and “adequate” model is somewhat relative since other models may also be “good.” For ex- 
ample, Model H, (given in Chapter 3 and used for the analysis of banding of both young and adults) is often a guod 
model of a bird population with age-specific parameters. Results of the goodness of fit test usually fail to reject 
H, whereas simpler models are often rejected, and more general models are oftea shown to be unnecessary for a 
particular data set. However, although Model H, might be adequate for the analysis of the data set, there may be 
other models that are equally appropriate. For example, Johnson (1974) developed a model similar to H,, but con- 
taining fewer parameters because of two restrictions. In inany situations, both models would be satisfactory and 
we have little preference as to which of the two is better except that Johnson’s has fewer parameters. (Note: we do 
not discuss Johnson's model in this handbook because it is not fully developed; Model H, is fully developed, com- 
plete with intensive testing features and a comprehensive computer code). 


Computer Algorithms 


Ve have developed two large computer programs to alleviate the tedious task of computing the estimators, test 
tistics, etc., presented in this handbook. Program ESTIMATE is for age-independent populations and is dis- 
issed in Chapter 2. Program BROWNIE was written for several age-dependent models and to test for sex-specific 
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parameters in adult recovery data. Output from BROWNIE is discussed in Chapters 3, 4, and 5. The use of pro- 
grams ESTIMATE and BROWNIE is discussed in Chapter 6. 


1.5 Mathematical Overview 


This section can be omitted by the reader with little knowledge or interest in mathematical statistics. 


Model Conceptualization 


Consider a study where banding is done for k consecutive years, and recoveries are accumulated for « = & years. 
For a given bird banded in year i, exactly one of  —1 + 2 discrete events regarding the band will occur. Either the 
band is recovered in one of the ¢ — 1 + 1 years after banding, or it is never recovered. For recovery to occur in year j 
the bird raust survive until the start of year j, then be shot during that year, and the band must be reported to the 
Bird Banding Laboratory. To represent these outcomes, define an indicator random variable for a bird banded in 
yeari(i=1,...,k/as 


x.- 1 if the band is recovered in year), j =i..../, 
"10 otherwise. 

For notational convenience, define X, . , = 1 -¥, X,,. Hence, X,. . , is 1 if and only if the band is never recovered. 

Finally define the vector valued random variable X, = (X,,,....X,.. . ,/. 


The random variable X, has the classic multinominal probability distribution with « — i + 2 cells (Johnson and 
and Kotz 1969). Let P{X,,=1}=7,, be the probability the band is recovered in year j,j=1,..., (. Then 7..7.:= 


1— > 2, is the probability the band is never recovered. The probability of any of the : —1 +2 possible outcomes is 


represented as P{X,} = I (ar). 

A general structure on the z,, cell probabilities can be used without loss of generality. A band can be recovered 
in year j only if the bird survived and retained its band until the start of year ;. Then it must be shot and the band 
reported to the Bird Banding Laboratory. Consequently, define the following conditional annual survival, band 
retention, and recovery rates: 


S,, = probability of surviving year j, given the bird was alive at the start of year j and was banded at the start 
of year i <j; 

#,,= probability of band retention in year j given the bird still has the band at the start of year ; and was 
banded in year i; and 

f, = probability that a bird alive at the start of year j, which was banded in year i, is shot in year j and its 
band reported to the Banding Laboratory. 


Now a general structural representation for any 7,, is 


7 = cul (Suu) If j>e 


It should be clear that survival rates are confounded with band retention rates. This is indeed true; no useful 
models can be developed for band recovery data unless we assume there is no band loss, i.e., #, = 1. We do make 
this assumption; it is implicit in all the models presented in this handbook. Given that no band loss occurs, the 
general structural representation for 7,, is 


f. jai 
' 
T= in Sf J>t (1.5.1) 
y i 
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CHAPTER 1. INTRODU: "TION 


Now assume N, birds from the same population are banded 2nd released ir year i. We make two more assu.4ip- 
tions to obtain a genera! model structure for banding studies First, assume «!; these N. birds suifer statistica!ly 
independent fates. Second, assume that all the N, banded birds have the —:me annual surviva! and recov1", 
probabilities. From a practical standpoint this second aseumption is unavedable if the N, birds cannot be parti- 
tioned, even in principse, into subgroups whose survivai and recovery ;s°ameters might differ. Thus, with » 
banded semple from one species, age, sex, and area obtained at one brief ‘ime interval this second assumptivr 


is acceptable. 


Define new summary random variables (for & years of banding: 


R,, = all recoveries in year j of bircis banded in year ¢, j=1,...4 (= 1... ke. 


If we use m to index the variables X, over the N, birds, then the raw data are X,,,,m=1,....N. : 


l, 


&. ut for 


each i, X,,,...,X:., are identically and independentiy distribute« as multinomia! random veriables hence. 


their sum 
NX. 
(Ry,... Rii.v= & X, 
is a sufficient statistic with the multinomial distribution Mult(N,; 7,,,...,2,.. . ,). Consequently, 
N, 
+1 
P{R,,...,Ri} = (rp... RR, ) 1 [ w,) Ro, 
where R,..,=N,— = R, and the z, have the general structure displayed in formula (1.5.1). 


The above development shows we can reduce our data to the recovery frequencies {R,,} which may be conveniently 


displayed in an array a3: 


Year Number — 
banded banded 
l N, 
2 N 
3 N, 
k N, 


where if « = & the above array of recoveries is triangular. The number of bands never recovered for a given cohort is 


Recoveries by hunting season 


N,-—R, where R,~ > R,,, hence, their number need not be displayed. 


Bearing in mind that each set of recovery data (R,,,...,R, )are independent multinomial random variables for 


i= 1,...,&; the statistical model for these data is completely specified by displaying the cell probabilities 7,, as: 


Year Number - 


banded banded 
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Model structure, by year of recovery 
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Ti 
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The representaticn x =( 1 Ss. fs is too general to be useful; none of the individual survival or recovery rates 


are estimable. In order to obtain meaningful, useful models we must make additim 1] assumptions about the 
nature of the annuai survival prohabilities and about the annual recovery probabilities. For example, if we band 
only adults, then perisaps the survival rate is age-independent. This implies S,, need not depend upon the year of 
banding; rather, adult survival may depend only upon environmental conditions in each year. This implies assum- 
ing S,, = S, independent of the year the bird was banded. Similarly, adult recovery rates may be independent of 
the year of banding, which implies assuming f,, = f,. Given these assumptions of age-independent survival and 
recovery rates, the modsi structure is given by 


f jz 
S'S, ff j>t. 


T= 


This model is displayed in a>ray form be!ow: 


Model structure, by year of recovery 

















Year Number —n er — —a 
banded banded 1 2 SB == guernsey k é 
l N, f Sif. S.S.f, S,S,-- S; Ff S,S,-°--S, if 
2 N f: S.f,, S,---S. sf S,---S, sf: 
3 N fi S,---Si sf S,-°-S) sf 
k N, . fh see S,---S, Se 


Analysis of adult banding data based on the above model (which we call Model 1 here) has been thoroughly 
developed by Seber (1970) and Robson and Youngs (1971). 

The above discusses only one data set. Often birds will be identified as to sex or age, giving rise to multiple data 
sets that may have some survival or recovery rates in common. The modeling problem in these cases is to specify 
what parameters may be the same or different across ages and/or sexes. The theory of the problem is not funda- 
mentally altered, just made more complex because of additional parameters and data. 


The Likelihood Function 


The recoveries from any given banded cohort in the data matrix {R,} are modeled as multinomial random var- 
iables. From this fact we can write the joint probability function of the data as 


‘ N, i+] 


R, 
PUR, }|SfN)= [] {| Ro... Ri Ris] P] bel 7, 


(1.5.2) 


where 


ro-( ‘i's. Juk...dfel,...2, 
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and S, / are the vectors of parameters. For any given model used in this handbook the actual likelihood function 
can easily be derived from the above symbolic representation. For example, assuming S,, = S, and f,, = f we have 


#,=SY-"f j=t....4 A=l1,..., k 


and 
Wid ,=1- =? if 
Therefore, the likelihood is 
; N,-R, 
wSp-| (i-(1=8 "A f'Ss, 
where 
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Chapter 2. “Models for Birds Banded as Adults 


2.1 Introduction 


The Experimental Situation 


This chapter discusses the experimental! situation where a sample of adult birds are captured, banded, and 
released into the population at roughly the same time each year, for a number of successive years. The banded 
population shculd be a representative sample of the population of interest. As described in Chapter i, the popula- 
tion is subjected to hunting each year and hunters are reyuested to report bands from birds they have shot to the 
Bird Banding Laboratory. Data collection, or the recording of numbers of bands returned, may continue for several 
years after the last release of banded birds. A “year” of the experiment or banding study is the period ‘of approxi- 
mately 1 year) between successive releases of banded birds. The period of survival is from the time of banding in 
year / to the time of banding in year : + 1. The period of survival is not the interval between hunting seasons. 


Notation and Description of Data 


We let & represent the number of successive years at the start of which a release of banded birds is made. Also 
we define 


the number of years during which recoveries are recorded, ; > k, 
s ~ + ~k, the number of years beyond the year of the last release when recoveries are recorded, s > 0, 
N, - the number of adults banded and released at the start of the i” year, i = 1,2,..., 
R,, = the number of bands recovered in year j from the adults released in year i,i=1,..., 5 er i. 


The data collected can be displayed in a table as shown below. 


Table 2.1. Representation of the data for a 5-year banding study when three releases were made 
(ie., when k= 3,4 =5,8=2). 


Year of recovery 
Year Number Row 
banded banded l 2 3 4 5 totals 
—_ 1 i ’ 
1 N, IR, iR, 'R,, IR, IR, R, - T; 
ideaecocooahboeecoeese Lessee condense candoaaeows 
2 N, 'R | Rey 1R., Re. R, 
liitmuanenee poe neeeee qooo--= ! a 
. Wr rahe nite ae 


Column totals C, C, C, C, C,=T, 


As indicated in Table 2.1 we let R, and C, represent the row and column totals, respectively, and define the indi- 
cated block totals by 


T,=R, ° 
T.<R,+T, 1-C, i d@=2,...k ’ 
and if / >k, Tr.) 2 Te. ; i-Cy., i J=1 seer 8. 


Table 2.2 contains real banding and recovery data for such an experiment with calculation of the corresponding 


subtotals R,,C,, and 7). 
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Table 2.2 Banding and recovery data fer male wood duck (Aix sponsa), banded preseason 

















in a midwestern State. 
Year of recovery 

Year Number 1964 1965 1965 1967 1968 
i banded banded j=! 2 3 4 5 R. 
1 1964 1,603 127 44 37 40 17 265 
2 1965 1,595 62 76 44 28 210 
3 1966 1,157 82 61 24 167 

C,=127 106 195 145 69 

T, = 265 348 409 214 69 

Definition of Parameters 


A banded adult alive in the population at the start of the 7” year of the experiment will survive the year, be 
killed by a hunter, or die from a cause unrelated to hunting during the year. We define the following annual rates 
for banded adults alive at the start of a given year of the experiment: 


S = survival rate or probability of surviving the year 

K = kill rate or probability of being killed by a hunter during the year 

H = harvest rate or probability of being killed and retrieved by a hunter during the year 
1-S-—K =nonhunting mortality rate. 


Not all birds killed by hunters are retrieved; therefore, we have H = cK where c represents a retrieval rate. When 
a hunter kills and retrieves a banded bird, he may or may not report the band to the Bird Banding Laboratory, so 


we also define 


A = band reporting rate = probability that a hunter will report the band given 
that he has killed and retrieved a banded bird. 


These different outcomes are summarized schematically, for any year of the experiment, below. 









killed by hunter 





Fig. 2.1 Potential fates of a banded bird alive at the start of the year 


Note that the type of data collected supplies information directly about only those birds which are shot and 
reported. Thus, only the product AH is estimable but the component rates 4 and H are not estimable without addi- 
tional information such as the use of REWARD bands (Henny and Burnham 1976). Defining f= \H = band recovery 


rate (or the “reported exploitation rate”), we modify Fig. 2.1 as follows: 
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survives year 
s 
banded adult f 
alive at start is killed and retrieved by hunter and its band reported 
of the year 





is killed by hunter but its band is not reported, or dies from “natural” causes 
Fig. 2.2 Three critical fates of a banded bird alive xt the ‘art of the year 


Different assumptions about the variation of the parameters f= AH), and S give rise to models of different de- 
grees of complexity. All models in this chapter assume the rate parameters are age-independent (hence the restric- 
tion to data from banded adults only). In this chapter we describe the assumptions and biological significance of 
several such models, and the corresponding estimation schemes for each model. Tests to discriminate between 
competing models and goodness of fit tests are provided. Exampies are based on output from a FORTRAN com- 
puter program we call ESTIMATE which is available for carrying out the numerical computations. This program 


is described in Chepter 6. 


2.2 Model 1 


One of the two most useful models of this chapter is that developed separately by Seber (1970) and by Robson 
and Youngs (1971), which) we call Model 1. In addition to the assumption of age-independence referred to above, 
it is assumed that survival, hunting, and reporting rates are year-specific but independent of the year of banding. 
Thus, the parameters / and S are subscripted to indicate dependence on a specific year. For example, /, and S, are 
the recovery rate and survival rate, respectively, for year 1 of the banding study. In general, / and S, are the cor- 
responding rates for the i year of the study. 

Model 1 is characterized as in Table 2.3 in terms of the expected or average numbers of band recoveries, ex- 
pressed as functions of N,,/\, and S,, as described in Chapter 1. 


Table 2.3. Expected numbers of band recoveries under Model 1 for a banding study 
with k=3,/<5, and s=2. 





Year of recovery 
Year Nuxbser -——__ -—__-___—__—____—__ -- ——_- ——_-— ——_ -~-—— 
banded banded Pe 8 es. 
1 N, Nif NSA NS, Sf, N.S, S,8f, N,S,8,S,S8.f, 
2 N, Nih N,Sof NS, Sf, N,S,S,S.f, 
3 N Sof, N,S,S8.f, 


N, Nf 


Before describing the estimation of the parameters f and S, for general & and /, we note that in Table 2.3, where 
hk «3, /=5, and s = 2, the parameters S, and /, always occur together as the product S,/,. We find that the param- 
eters S, and f, are not separately estimable, but the product S,/, is estimable. In general, Under Model 1, the param- 
eters fifi, ... fi, SiS»... Se) are separately estimable, but if s >0, only products such as Sif, . », SeSe «sf. 2,.-., 
SiS. °° Si se-cfiss are also estimable, not the individual parameters S, .,.,, and f, .),j=1,....6. Estimates of 
Sif. . \ Seu «sh. o, ete., are not of biological interest since, for example, S,S, . f, . » represents the probability of 
surviving years & and & +1 and then being shot and reported in year & + 2. Estimates of these products are neces- 
sary, however, to test goodness of fit of the model, as we explain later in this chapter. 
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Estimation of Parameters 


The estimators developed by Seber (1970) and Robson and Youngs (971) are based on the principle of Maximum 
Likelihood. ML estimators have any optimal properties for large sample sizes, but often have a small statistical 
*as. Seber (1962, 1965) and othirs have studied this bias in capture-recapture models (which are similar to the 
models used here) and found adjusted ML estimators that are essentially unbiased. We have made similar adjust- 
ments to the appropriate estimators in the models discussed here and in Chapt »r 3. 

The ML estimatcr of the recovery rate /,, in year i, is 


,t=1,... 2. 
The bias-adjusted M.. estimator of the survival rate S,, in year i, is 


- RR (T.-C\N,..4+1 | 
SNF) Ra _ 
As stated in Section 1.4, we denote ML estimators by a “hat” (") over the parameter symbol: e.g., fand S.. All bias- 
adjusted ML estimators are denoted by « tilde (~); e.g., S,. The ML estimators of { under Model 1 are unbiased, but 


the S, are biased. The estimator S, given above is essentially unbiased. For small sets, { and S, are easily evaluated 
as shown below using the data in Table 2.2: 


- RC, 265 « 127 
f= N, T, ~ 1603 x 265 ~ 00792 or 7.92% 


R.C, 210 « 106 
f= Ny, FT ~ 1.598 x 348 ~ 0401 or 4.01% 


- RC, 167 =« 195 
f= Ny, T, ~ 1,157 x 40 ~ 0688 or 6.88% 





R,«(T,-Cy (N+ 1) 265 = (265 — 127) x 1,596 





NXT R41)” 1608x265 x211 — ~ 08512 0r 65.124, 
= R,x(T,-Cy*(Ny+1) 210 (348 — 106) « 1,158 . 
Si Nx Ti x(R+ 1) "1,595 x348x 168 ~ 0.8311 or 63.11% 


The actual (unadjusted) ML estimator of S, is 


§,< 5 (—9 <)e~ e1,... 4-1. 


For example, from Table 2.2, 


“5 (—F “)F 265 (265 — 127) 1,595 


“7.603 5 910 = 0.6539 or 65.39% . 


The adjustment of the ML estimator of S, involves merely the addition of | in two terms of the formula. The bias- 
adjusted estimates S are always slightly smaller than the ML estimates S. 
Estimated average recovery and survival rates are easily computed. 


Sf. and See & &. 
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These are simple arithmetic means; the geometric mean survival has been recommended in the literature, but is 
not used here (see Section 8.5). The geometric mean of the survival estimates is not a consistent estimator of the 


_ k-1 ° : 

true arithmetic average survival rate S =(= S,)/(k—1). Also we note that f, is not included in f by program ESTI- 
i=1 

MATE; rather fi is computed as shown above. The rationale came from a desire to compare variations in average 

recovery and survival rates. Because there is no estimate of S;, comparability is enhanced by not including f, 


in computing / 
As stated above, if / > k, estimates of S, fi. ;,S.S, . if. 2, etc., are probably not of great interest. However, they 


must be computed to calculate the goodness of fit test described below, so the appropriate estin.ators are defined here, 


These estimates are priated in the output ¢f program ESTIMATE as GAMMA (following Seber’s original notation). 


Sampling Variances, Standard tfrrors, and Confidence Intervals 


Confidence intervals for the parameter estimates are very important since they provide an indication of the 
precision of the estimate. Approximate confidence intervals for f,, S;, and S; are obtained as follows: 
Let var/ f ) be the estimator of the sampling variance of f., then 


- ~ fl 1] 
var( fi) = (fi)? RN'*OT 4=1,...,k. 


Then se f j= Vvarifi is the estimator of the standard error of f, and an approximate 95% confidence interval or the 


recovery rate fis (f- 1. 96 x se(fi), f+ 1. 96 x se(f,) ). 
For example, if we use the data of Table 2.2 and the estimate f: calculated above, 


l 1 


2 
var(f,) = (0.0401) 310 1,595 * 0 -545|7 = 0.00001720 , 





se(f.) = V0.00001720 = 0.00415 , 
1.96 se/f,) = 1.96 x 0.00415 = 0.0081 , 


and the approximate 95% confidence interval for f is (0.0401 — 0.0081,0.0401 + 0.0081), which is (0.0320,0.0482), 


or in terms of percentage recovery (3.20,4.82). 
Approximate confidence intervals are obtained in the same way for S, based on the sampling variance estimators, 





1 1 1 1 1 1 
var(S,) =(S,2 R, "WN. *R., “NRF ji=1,...,k-1. 


The limits of an approximate 95% confidence interval on S, are given by S,+ 1.96 se(S,), where 


se(S,) = var(S,) =1,...,k-1. 


Program ESTIMATE computes confidence intervals for f and S, in this way. 
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Sampling Covariances and Correlations 


Estimates of annual recovery and survival rates are derived from the same information and therefore we might 
suspect that there are sampling correlations between these estimators. The program ESTIMATE computes esti- 
mates of the sampling covariances and correlations between the estimators, using formulae given in Robson and 
Youngs (1971). These correlations are estimates of the linear relationship between the estimators. The correlations 


may be substantial in some cases, e.g., corr/S, f . ) and corr(S f). These high correlations are important because 
they indicate that apparent relationships between parameter estimates often cannot be interpreted as evidence of 
a similar relationship between the true parameters. This subject is discussed further in Section 4.4 (also see Ander- 
son and Burnham 1976). 

The covariance estimators under Model 1 are given below: 





cov Sf) =fS; R-N-T i=1,...,k-1, 
covi(f.f .\)=0 Jj>1, 
0 J>1, 
cov(f, . ;,Si) = -8i../3—-x | jul, 
_ 0 Jj>1, 
meade < o hn ee 








Estimated sampling correlation coefficients are derived by definition, 


~-  cov( X.Y) 
74 fran Le 
corr se(X) se(Y) 


where X and Y are any two estimators such as /, and S,. For example, the estimated sampling correlation between 
S, and S, is 


cov $182) 


corr(S,,8.) = ———"_—. 
se(S,) se/S.) 


The computation of estimates of sampling covariances and correlations is easy but somewhat tedious as we illus- 
trate for f: and S, 


22 -- [1 1 1 1 1 | 
cov! f2,S.) = fS, le r.| = 0.0401 x 0.6311 910 1.595 348 = 0.00003 19 , 


-., cowfS:) —-0.0000319 
Corr’ firs) = oF) ger&,) 0.00415 x 0.0647 ~ 91189. 











In this case the sampling correlation is fairly low; however, we note that corr/ KSv =-— 0.385. 
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The calculation of the estimated sampling correlation between the estimates of average recovery and survival 
rate is more tedious, but is of the same general form: 








corr $f) = SP 
se S) se(f) 
where 
=: 1 sits _— 
cov(S, j= rtm 2 covi f,.S,) + Zoowif ‘+ Si) )) 
P 1 k-1 . Vo 
w= ag (2% var) 
and 


7 1 k-4 - k-2 . Vo 
we (§)= ET > var/S,)+2 = cowS,, al) 


t=1 i=1 


The estimated sampling correlation between the estimates of average recovery rate and the average survival rate 
is — 0.57 for the wood duck data. This represents a substantial correlation. 


Goodness of Fit Test 


The general strategy we are recommending for the analysis of banding and recovery data involves three steps: 

(1) Formulation of tentative assumptions; 

(2) estimation of parameters, v sing the principle of Maximum Likelihood, from models expliciiiy based on these 

tentative assumptions; a".d 

(3) testing of the models employed and the assumptions made, using the observed data. 

The testing phase is important and has received inadequate attention in quantitative ecology in the past. The 
parameter estimates, and particularly their sampling variances and covariances, are dependent on the assump- 
tions being made. The assumptions are explicitly built into the model. It is, therefore, crucial that the model is 
realistic and that it adequately describes the observed data. This section treats the use of a goodness of fit test to 
examine the adequacy of the model. Tests between specific models are discussed in Section 2.6. 

The goodness of fit testing procedure is illustrated by a conventional chi-square test. First, we have our observed 
data (presented in Table 2.2). Second, we have formal expressions for the expected number of band recoveries under 
the tentative assumptions explicitly made under Model 1 (Table 2.3). The expected numbers involve the param- 
eters S, .nd /,, as well as the numbers banded, N,. However, we now have estimates of these parameters, and can 
compute the estimates of the expected number of recoveries. For example, the expected number of recoveries the 
second year (1965, j= 2) from the birds banded the first year (1964, i=1) is N, Sif; (see Table 2.3). This is the 
expected value of R,, under Model 1. The ML estimate of this expectation is N, Sif or 1603 x 0.6539 = 0.0401 = 42.0. 
Such a procedure is carried out for each cell in the array of expected recoveries and the estimates are denoted 
as E,,. A single chi-square value is computed as 


(Observed - Expected)’ | (O - B)* 
Expected E 


The overall test is made by adding the chi-square values for each cell, 


This intuitive procedure represents a formal statistical test of the fit of the model to the observed data. The null 
hypothesis being tested is that the data fit the model and its assumptions. If this null hypothesis is rejected, the 
parameter estimates may be very biased, and their sampling variance and covariance estimates inappropriate. 
Under Model 1, this test has (k(k + 1)/2)+(/ -—k)k-(k+/ —1) degrees of freedom. 
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The test statistic is approximately distributed as chi-square, with the above degrees of freedom, under the null 
hypothesis. In computing the test statistic, it may be necessary to pool cells with small (e.g.,< 2) expected values 
to justify the chi-square approximation. Each time cells E,, are pooled, the corresponding data values (R,,) must be 
combined also. Pooling is done between cells in the same row. One degree of freedom is lost for each cell combined. 
This procedure is performed by program ESTIMATE and the pooled observed data and pooled estimated expected 
values are printed instead of the original, unpooled results. 


An Example 


The wood duck data have been used to illustrate the details of the calculations under Model 1. A computer 
analysis of these data appears in Example 2.1. Many of the estimates have been computed in this section and can 
be recognized in the computer examp!e. Note that estimates obtained with a hand calculator may not agree exactly 
with the computer output. The computer carries about 14 significant digits and, therefore, rounding errors are 
small indeed. This is particularly important in the calculation of variances, covariances, and correlations. 

As shown in Example 2.la, the computer output displays the model structure in terms of the cell frequencies. 
The banding and recovery data and various column, row, and block totals are also displayed. Estimates of recovery 
rates and their standard errors are printed along with the 95% confidence intervals on the true recovery rates. 
The first-year recovery rates (R,,/N,) are also printed; these inefficient estimates of { have been commonly used in 
bird banding studies. We print them only to allow comparison and do not recommend their use. 

Estimates of annual and average annual survival rates and associated statistics are displayed. In Example 2.1b, 
the average survival rate was estimated at 64.11 + 3.66%. The mean life span was estimated to be 2.25 years + 0.29 
year (see Section 2.7 for the method). By multiplying the mean life span by 0.69 an estimate of “half life” is obtained. 
In the example it was estimated that half of the banded birds were dead after approximately 1.55 years (2.25 = 0.69). 
(The derivation of the value of 0.69 is explained in Appendix A.) 

Statistics related to the goodness of fit test are printed next (see Example 2.1b). Matrices of observed data, 
estimated expected values, and individual chi-square values are displayed. By summing all the elements in the 
matrix of chi-square values we can test the fit of the model to the data. In this case a chi-square value of 5.87 was 
obtained with 5 degrees of freedom. A chi-square value as large as 5.87 is not unusual (P = 0.32) and we conclude 
that Model | fits the data ~austactorily. On the other hand, a chi-square value of 25.0 with 5 degrees of freedom 
would be unusually large (P < 0.01) and would provide reason to regard Model 1 as inappropriate for the analysis 
of these data. 

The computer analysis of the example data under Model 1 concludes with the estimates of the sampling 
covariances and correlations of the estimators. 


2.3 Model 2 


Another model that is very useful in estimating age-independent parameters from band recovery data is 
referred to here as Model 2. The assumptions of Model 2 are more restrictive than those of Model 1, in that the 
survival rate is assumed to be constant from year to year. Band reporting rates A and harvest rates H (and hence 
recovery rates /) are assumed to be year-specific. As before, the recovery rate in year i is denoted by //; however, the 
constant annual survival rate is denoted simply by S, without a subscript. Model 2 is a special case of Model 1 
where one assumes S, = S,=:::=S; ,=S. 

Model 2 is represented in Table 2.4 in terms of the expected numbers of band recoveries, expressed as functions 
of N,, f, and S. Information in Table 2.4 specifies the assumptions upon which the model is explicitly based. The 
key assumptions of Model 2 are that recovery rates vary from year to year (due to changes in hunting regulations, 
environmental factors, etc.), but that annual survival is constant from year to year. 


Table 2.4. Expected numbers of band recoveries under Model 2 for a banding study 
with k =3,/ =5, and s=2. 


Year of recovery 
Year Number 


banded banded l 2 3 4 (=§ 
l N, Nifi N,Sf- N,SSf, N,SSSf, N,SSSSf, 
2 N, N.f N.Sf, N.SSf, N.SSSf, 

k=3 N, Nf NS _ NSSF, 
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Example 2.la 


wre. 1 
seeeeese 


ANALYSIS UIDER THF ASSUPPTIONS TF TIME-SPECTFIC SURVIVAL AND RECOVERY RATES 
(A SYNTHESIS WF MIDELS DEVELTPED BY SEBER C1970. BIOMETRIKA) AND ROBSON OND YOUNGS FI97L. CORNELL BIWETRICS 
NTT PaPER 36901 


SPECIFICALLY, THE MODEL STRUCTURE IS: 


Fil) SCRE?) SCLISC20FC 3) SELISCZOSCSIF CS) SCLOSCZISCSISC OIE CS) 
Fi2) St2060 39 SCZPSCSIF L4G) SCZOSESISEGIE CS) 

fis) SESIF G4) SUCDISC4SOF CS) 

Fis) S€4)F05) 


“ALE «39D DUCK PANDED PRESEASON IN & MID-WESTERGN STATE, 1964-66 


BANCING AND RECOVERY ENPUT Data 


Year NuMREe REC WERY “aTaix 
..-- BANLEL aon ~ 
1964 1603 i127 44 47 40 i7 
1965 1555 0 6? te a 26 
1966 1157 0 Q 62 | 24 


INTERMEDIATE STATISTICS 


I cits Rit Tat wits Ganmacih Reniis 
1964 127.0 205.9 265.0 1603.0 0.90 0.16532 
1965 106.0 210.0 548.0 1595.0 0.0 0.13166 
1966 195.0 167.0 405.0 1157.C 0.0 0.14434 
1967 145.0 0.0 c.0 0.0 0.05117 0.0 
1968 69.0 0.0 0.0 0.0 0.02435 0.0 
TOTALS 642.0 4355.0 
ececsess seeeeeemiiees: | /-*'" Reneeeeeeeees — sone - tT oe oT emma a na 
! ESTIMATE ost CONF TOENCE “ESTimate S52 CONFIDENCE 
easccece sreetor.- ~—-I HIER VAL. _ ececescs are ~~-AJNIEB VAL. 
1965 4.010 0.415 3.197 = 4.823 3.687 0.484 2-939 = 4.836 
ARITHMETIC MEAN RECOVERY RATE CERCERT YEaR «) « 5.967 
STANDARD ERROR OF THE MEAN RECOVERY ATE «= 0. 3%6 
958 CONFIDENCE INTEPVAL FOR MEAN RECOVERY RATE « 5.19 = 6.74 
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Example 2.1b 


MODEL I ~~ ANALYSIS UNCER THE ASSUMPTIONS OF TIPE SPECIFIC SURVIVAL AND RECOVERY RATES 


PALE WOND DUCK BXNDED PRESEASON IN A MID-WESTERN STATE, 1964-66 


—~SUBYiVAL Sil) ia) 








vear SURVIVAL —~—sSTANDARO COEFFICIENTS 95% CONFIDENCE 
ieee —EBE0R._ OF _vaBlal iON a _— 
1964 65.12 6.75 10.37 51.88 - 78.35 
1965 63.11 6.47 10.26 $0.42 - 75.79 
ARITHRETIC MEAN SURVIVAL (3) = 66.11 
STANDARD FRROR CE ARITHMETIC “EAN © 3.66 
95% CONFIDENCE INTERVAL FOR ARITKPETIC MEAN 56.96- 71.28 
MEAN LIFE SPAN AS AN AOULT «© = 2,25 
STANDARD ERROR OF THE SEAN LIFE SPAN = 0.29 
OST CONFIDENCE ENTERVAL OF LIFE SPAN 1.76 = 2.95 
Year NUMPER RECOVERY MATRIX 
___. BANDED 
1966 1603 127. 44. 37. 40. U7. 
196 1555 Cy. 62. Toe 44. 28. 
1966 1157 0. 0. 62. 61. 24. 
MATRIX TF EXPECTED VALUES == ASSUPIAG TEME<SPECIFIC SURVIVAL AND RECOVERY RATES  (*90EL 1) 
127.0 42.0 45.8 34.0 16.2 
0.0 66.0 69.6 SI.® 24.6 
0.0 0.0 79.6 $9.2 28.2 
MATRIX OF CHI-SQUARE VALUES =<- ASSUPING TIME-SPECIFIC SURVIVAL @ND RECOVERY BATES «(DEL 1) 


0.00 0.09 1.67 14.95 0.046 
0.0 0.06 0.58 1.17 0.46 
0.90 0.0 0.07 0.05 0. a2 





TEST OF THE NULL HYPOTHESES TeAT THE DATA FIT MODEL 1 == ASSUMING TIME-SPECIFIC SUPVEIVAL AND RECOVERY RATES 


CHI-SQUARED VALUE (SAMPLED = $.87 


THEORETICAL CHI+SQUAFE VALUE Q&T THE SE LEVEL «= 11.10 
DEGREES "F FREEOTY « 5 
PROBABILITY OF A CHE SQUARE VALUE LARGER THAN 5.87 «= 0. 31892308 


ESTIMATED COVARIANCE AND CORRELATION COEFFICIENTS: SCT} = SURVIVAL RATE IN YEAR I 


Fil) = RECOVERY BATE IN VYEaR I 


i COVARESCTDSFCIDD COVARIFCTD,FCteln) COVARISCL OLD, FCT) 
1964 ~0.000032183 0.0 0.0 
1965 ©.000031925 0.0 0.0 

I COWARISTED SFC TOLD) COVARISCLTD,StTOLDD COVARIFITISECTO2b) 
1964 -0.9001079862 -0.001672101 0.0 
1965 =0.000222522 seeceosesess 0.0 

! CUPRESTLDSFCTDD CORRISTED,SELOLD? CORRISCEDSEC TOLD) 
1964 -0.070637676 0. 382528884 ~0.38954693345 
1965 0.1186931397 eeeeeeeeeeee eeetereeeree 


CORRIAVE SUPVIVAL, AVE RECOVERY RATE) * ~0.5710 
COVARTAVE SURVIVAL, AVE RECOVERY RATED = ~0.000082691 


(THE ABNVE COVARIANCE AND CORRELATICN 
VARTANCFES CF SOPE PARAMETER ESTIMATORS ARE PELATED) 


TEST CR PY AVALABI 


COEFFICIENTS ARE ESTIMATES OF THE OFGREF 


T) WHICH THE SAPPLING 
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In general, the same model structure applies for arbitrary values of & and - . We will illustrate Model 2 with a set 
of adult male mallard (Anas platyrhynchos/ data from birds banded before the hunting season (August and 
September) in the San Luis Valley of Colorado. Banding occurred each year from 1963 through 1971 /& = 9) and 
recoveries are available through 1971 (, = 9,s = 0). The data and estimates are displayed in Example 2.2 in the form 
of output from the program ESTIMATE (cf. Example 2.2d,e). 


Estimation of Parameters 

Estimable parameters are of the same type as those obtained under Model 1: point estimates of the parameters 
ffori=1,..., - and S, and estimated sampling covariances, correlations, standard errors, and confidence intervals. 
The estimators are obtained by the principle of ML, and are essentially unbiased when Model 2 is the correct model. 
However, estimates of f for :- k+1,4+2,..., tend to be poor because they are based on so little data. 

No formulae will be given for estimators under Model 2, because they cannot be expressed in a simple, useful 
form. The likelihood equations must be solved numerically, for example by the Newton-Raphson technique or 
Fisher's method of scoring ‘cf. Seber 1973, Chapter 1). A discussion of iterative solutions to the ML equations is 
given in Appendix B. The likelihood equations are discussed in Appendix A. The FORTRAN program prints 
estimates of f for:=1,..., k only and the average recovery rate is computed from these first & estimates of /.. 


4 
et « 7 
f=, 3h 

The assumptions made under Model 2 are closely related to the hypothesis of compensatory natural mortality 
icf. Anderson and Burnham 1976). For example, up to some level, the exploitation rate may not affect the annual 
survival rate of the population (also see Section 3.3 for the age-specific case). This implies that the population is 
reguiated by factors other than exploitation, at least up to some level of exploitation. We note, however, that the 
power of the test of Model 2 vs. Model 1 is often fairly low if banded samples are smal! and/or only a few data sets 


are available for analysis. For these reasons and others, the study of compensatory natural mortality must be care- 
fully approached (cf. Anderson and Burnham 1976, Nichols et al. 1984). 


Goodness of Fit Test 
A chi-square goodness of fit test is made to assess the fit of the model to the data. The observed data and the 
estimated expected values (using f and S in place of the unknown parameters in the expectations given in Table 
2.4) are compared via the following statistic: 


where O,, represents the observed data and E,, are ML estimates based on Model 2. 


This is approximately distributed as chi-square under the null hypothesis that the model is correct. The test has 
(kik + 1)/2)+k(r — ki —( +1) degrees of freedom, when no cells are combined due to small expected values. Pro- 
gram ESTIMATE combines cells as needed and reduces the degrees of freedom accordingly. The pooled observed 
data and estimated expected values are printed along with the test statistic. 


An Example 

The results of a computer analysis of the recovery data for mallards banded in the San Luis Valley of Colorado 
are used to illustrate Model 2 (Example 2.2, specifically 2.2d and e). The structure of the mode! and the banding 
and recovery data are displayed. The ML estimates of / are given with their standard errors and 95% confidence 
intervals are printed. The estimate of the constant survival rate and its standard error and 95% confidence interval 
on S are printed (in Example 2.2d, S = 63.75% and se/S) = 1.53%). Materiai related to the goodness of fit test 
follows. Expected values are printed to allow easy comparison with the observed data. A matrix of chi-square 
values = - is printed. Large values (of magnitude 4-5 or more) tend to indicate lack of fit for the particular 
cell. An overall assessment of the fit is made by summing all the chi-square values, giving 40.7 in Example 2.2e 
with 32 df (some pooling was necessary). We see no veason to reject Model 2 based on this test. (Before deciding 
that Model 2 is adequate for these data, we must examine the results of tests between models. This subject will be 
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treated in Section 2.6). Estimates of sampling covariances and correlations are printed last. We see that f and S 
are sibstantially negatively correlated as i increases. Note that these data are analyzed under Model 1 for com- 
parison in Example 2.2a-c. 


2.4 Model 3 


Model 3 is the simplest possible age-independent model of band recoveries. It is based on the assumption that 
reccvery rates (and therefore harvest rates H and band reporting rates A) and survival rates are constant from 
year to year and independent of the age of the bird or its capture history. Model 3 is based on only two parameters, 
f the constant recovery rate, and S the constant survival rate. Note that Model 3 is a special case of Model 2 where 
fi=f.=---=f; =f is assumed. 


The structure of Model 3 is given in Table 2.5 in terms of the numbers N, banded each year and the parameters 
fand S. The expected values in Table 2.5 reflect the assumptions of the model. 


Table 2.5. Expected numbers of band recoveries under Model 3 for a banding study 
with k= 3,/=5, and s=2. 











Soar of recovery 
Year Number — —— en ee 
banded banded 1 2 S$ 4 /=5 
1 N, Nif N,Sf N,SSf N,SSSf N,SSSSf 
2 N, N.f N.Sf N.SSf N.SSSf 
k=3 N, Nf NSf N,SSf 





As before, the structure of the model is unchanged for arbitrary values of k and /. Example 2.3 illustrates this 
model with the mallard data examined under Model 2, Example 2.2 in the previous section. 

Many methods have been proposed for estimating parameters from a model making these assumptions (e.g., 
Hickey 1952; Haldane 1955; Chapman and Robson 1960; and Seber 1973). The ML estimates under Model 3 are 
asymptotica’iy fully efficient, essentially unbiased, and represent an improvement over other published methods. 


Estimation of Parameters 


Program ESTIMATE gives the Maximum Likelihood estimates of the parameters f and S, their standard errors, 
95% confidence intervals, and the sampling correlation of f and Ss. Although the structure of the model is quite 
simple, the ML equations are complex. Simple, closed-form expressions for the ML estimators do not exist. As in 
Model 2, the likelihood equations must be solved iteratively (see Appendices A and B). 

Three summary statistics are defined for Model 3: 


These are convenient working statistics and are computed and printed by program ESTIMATE. 


Goodness of Fit Test 


A chi-square goodness of fit test is made to allow the fit of the model to be assessed, as was done for Models 1 and 
2. This test has (&(k + 1)/2) + k(/ —k) — 2 degrees of freedom if no pooling is necessary for cells with smal! expecta- 
tions. As with Models 1 and 2, the arrays of expected values and chi-square values printed show any pooling that 
was necessary. The array of chi-square values shows an additional column. It gives the values of ((N,—R,)- 
(N,-E(R) ) )?/ (N,-E(R) ) . These These quantities are necessary for a valid goodness of fit test in Models 2 and 3 (they 
are not printed in Model 2). 
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STATISTICAL INFERENCE FROM BAND RECOVERY DATA 
“ODEL 1 
seeeeese 
ANALYSIS UNDER THE ASSUPPTIONS OF TAPE-SPECIFIC SURVIVAL AND ®ECOVERY PATES 
(a SYNTHESIS OF SODELS OEVELCPED BY SEBER (1970. SIOMETRIZA) AND ROBSON AND YOUNGS (CISTI. CORWELL BIOMETRICS 
UNIT PaPER 3693) 
SPECIFICALLY, THE MODEL STRUCTURE IS: 
fia Stiset2: SCS 2dFC 3s SCLISCZESCSIFCG) SCLISCZISCDISCSFES) 
Ft2) St20e«3) SCZSC30F 14) SCZISEDISC SDF CS) 
*t3) S¢30Ft4) SCDPSC6IF ESS 
Fie) St 40FtS) 
MALE PALLARCS BANDED PRESEASON IN THE SON LUIS VALLEY, COLORAD0 
BANDING AND RECOVERY INPUT DATA 
Year NUFPRER RECOVERY “ATRIX 
~--- BONDEC 
1963 2 10 13 6 i i 3 i 2 te) 
1964 649 fe} 58 21 16 is 13 6 i i 
1965 ers i?) 0 56 39 23 is it io 6 
1966 $s0 0 0 0 “6 2i 22 9 S 5 
1967 $43 t+) 0 i?) 0 $s 39 23 ii 12 
i966 1077 0 0 0 0 ie) 66 46 29 is 
1%9S 1259 i) 0 i) 9 ie) i) iol $9 30 
1970 938 0 0 9 0 0 0 i) 97 22 
197i 312 f°) ie} i) 0 te) ie) e) 9 21 
INTEQMECTATE STATISTICS 
! cit eats Tats wets Gamearth erHotis 
1963 10.0 37.0 37.0 231.0 0.0 0.16017 
19646 71.0 i31.0 158.0 49.0 0.0 0.20185 
1965 61.0 161.0 248.0 65.0 0.0 0.18192 
1966 100.0 108.9 275.0 590.0 0.0 0.18305 
1967 115.0 140.0 31¢.0 $43.0 0.0 0.14846 
1968 161.9 159.9 359.0 ic77.90 0.0 0.14763 
1969 197.0 190.0 388.0 1250.0 0.0 0.15200 
i970 218.0 119.0 310.0 636.9 0.9 0.12687 
i97i 113.0 21.0 113.0 -12.0 0.0 0.06731 
TOTMS 1066.0 6#75.0 
EE ~——~~~~-DI BEC] SECOVERY BASE. Bilsli/hili_ 
! ESTIMATE STANDARD 95% CONFIDENCE ESTIMATE STanodaro 95% CONF IOF NCE 
ecanescese ~-£82298_. ~-~I MILES YAL_.. —— ~-£8808_. ~~-IMIES YR... 
1964 9.070 1.067 6.S768 + 11.163 6.957 1.120 6.742 = 11.132 
1965 5.942 0.688 4.594 = 7.290 6.102 0.805 4.525 = 7.679 
1966 6.656 0.7% S.117 - 8.196 7.458 1.082 5.338 = 9.577 
1967 5.420 0.584 4.276 = 6.564 5.832 0.763 4.337 - 7.328 
1968 6.4621 0.621 5.404 « 7.837 6.128 9.731 4.696 =< 7.561 
1969 7.718 0.644 6.455 = 8.980 6.080 0.771 6.569 = 9.591 
i970 6.922 0. #32 7.291 = 10.552 10.341 0.994 8.392 = 12.290 
97, 6.731 1.418 5.951 = 9-511 6.731 1.418 3.951 = 9. Sit 
AQT THMETIC MEAN PECOVERY PATE (EXCERPT vEar x) « 6.835 
STANDARD EPPOR OF THE PEAN RECOVERY BATE « 0.302 
95S CONFIDENCE INTERVAL FOR MEAN RECOVERY Bate « 6.24 - 7.43 


TEST OF THE NULL HYPOTHESIS Teal THE FIRS T-VERR (OLMECT) RECOVERY @ ATES ARE CONSTANT Face veer: 
CHI-SCUSPED (SOPPLED « 26.52 
TRENPET ICAL CHI=SQUGRE VALUE AT THE S@ LEVEL « 15.50 
DEGREES OF FREEON® « ) 


PROBABILITY OF & CHT<SQUARE VALUE LaRGER THAN 26.52 * 0.000853 76 
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Example 2.2b 


“SODEL I =~ ANALYSIS UNCER THE ASSUPPTIONS OF TIPE SPECIFIC SURVIWV4L OND PECOWERY Bates 


PALE MALL GRDS EONDED PRESEASON IN THE SON LUIS WALLEY, COL WaOr 








~=~~~ SMOVAMAL. Si14 482 ° 

vear SUP Vivel STaNC ee COEFFICIENTS 952 CONFIDENCE 
eoegesco —-ESecs.. CE _wehial ion ~--ibIffya___ 

1963 $7.% 11.34 19.70 35.33 - 9.78 
1964 60.79 7.77 12.78 43.56 - 16.02 
1965 66.42 &.c3 12.08 $0.69 - 62.15 
196¢ 77.99 °.78 12.54 $@.@2 - s7.16 
1967 #?7.51 7.32 11.52 49.17? = 77.85 
196* $3.33 5.0% 10.99 41.04 - 64.F2 
1969 $e.55 7% 12.02 44.75 = 72.35 
1970 $3.57 13.¢S 24.37 27.98 = 79.15 


APITHPETIC “FAN SURVIVAL (8) « t1.46 
STANDARD FRECR OF API THMETIC MEAN « 2.2% 
9ST CONFIDENCE INTERVAL FOR ART TRPETIC ME aN 57.0%- o5.*8 





PEON LIFE SPAN 2S ON ADULT « 7.05 
STANDAPD FRROTR OF THE MEON LIFE SPAN «© 0.15 
OSE COMP IDENCE INTE@VAL OF LIFE SP aN 1.78 - 2.40 


veer wurrte PEC OWVERY maTRIx 





1970 soe °. 0. 6. oe oe 0. 9. oT. 22. 
1971 ai? 0. 0. 6. 0. o. 0. 0. o. zi. 


“ATREIX OF FFPECTED VALUES =<— ASSUMING TIME- SPECIFIC SURVIVAL OND PFCOVERY Bates (7ODEL 19 


10.0 2.1 4.5 5.¢@ 2.3 1.8 6.0 0.0 2.2 
0.0 $86.° 23.6 7.7 Lt.3 t.8 5.5 0.90 5.3 
0.0 0.0 52.6 39.4 25.2 15.6 12.43 6.4 5.5 
0.0 0.0 0.6 39.3 25.8 15.66 L202 8.3 5.5 
0.0 0.0 0.0 0.0 Siet 35.9 24.9 7.0 7.2 
0.0 6.0 06.0 6.0 0.0 71.3 44.5 30.4 162.8 
9.0 c.0 0.9 99.9 0.9 C.9 9.5 65.8 27.8 
0.0 60.0 06.0 94.0 0.0 0.0 0.90 63.7 35.3 
0.0 6.9 4849.9 9.0 0.0 c.0 9.9 0.0 214.9 


WATOIX OF CHI<SQUARE VALUES =~ ASSUPING TIPE-SPECTFIC SURVIVAL OND PECOVERY Bares i-note. 1) 


0.00 060.6 0.27 1.97 0.76 0.78 0.0 0.0 0.27 
9.€ 0.01 0.28 O.f6@ 1.22 2.00 0.05 0.0 2.08 
0.0 0.0 0.06 6.00 0.19 0.16 O.93 O.92 1.73 
0.0 6.c¢ 0.0 0.57 0.67 0.30 6.85 9.05 5.08 
0.0 0.0 0.0 0.9 0.30 0.02 0.16 2.10 3.27 


9.0 0.0 9.9 9.9 9.9 60.39 0.05 0.06 2.19 
0.0 0.0 0.¢ 6.0 0.0 c.0 0.21 0.70 0.18 
0.0 0.c¢ 0.0 0.0 0.90 0.6 0.0 2612 5.02 
0.0 0.0 9.0 06.0 0.0 *.0 0.0 0.0 906.00 


TPREQUENCTSS WERE COPBINED WHERE EXPECTED VALUES WERE ShMLL) 


TEST OF THE NULL HYPCTHESIS THOT THE COTA FIT PODEL 1 == ASSUMING TEMF<SPECIFIC SURVIVAL OND RECOVERY BATES 
CHI-SCUSPED VALUE (SOPPLED © 31.57 
THEORETICAL CHl=SOUSPE VALUE aT THE ST LEVEL «© 57.70 
OEGPEES OF FREEONP « 25 


PENBABILITY OF & CHI-SQUARE VALUE LORGER Tran si.57 « 6.17076¢70 
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Example 2.2c 


ESTIMSTED COVARIANCE 20D COBPELATICY COEFPFUCTENTS: SOT) = SUPWEWwael faTt In FRaee 8 
Fit) = RECOWEPY fare IW Ween ft 


! COWRPESTE DFC TNe 
i%6} -0.00C197642 
1 9e6 -C.00C01 3032 
i Ses 6. 0000461 59% 
1 see ©.00027905910 
ise? ©.00CLOOCES 
ier 6.000090937 
1 oes ©.000085216 
i970 0.000198 486 

! COVORTSCLD Fi tenes 
ise -6.00031 8077 
1966 ~©. 00OC 1855246 
i ses 0.000 334460 
1966 ~0. 0007571046 
is? -0.0002725412 
isee -0.0001863095 
ies -0.000des2e8 
1970 0.001001 311 

! COPOISEL DF CED 
1963 0.07 0052211 
1 oes =0.01571 S04 
1% 0.07S00744 
1 See 0.26 94204655 
1%? 0. 2343460949 
ie 0.269875 857 
iver 0.18 7943400 
1970 0.1808827272 


CORPIAVE SUPVIVAL, OVE RECOVERY FATED «© ~0.6601 
COWARI AVE SURVIVAL, AVE RECOVERY FATED © ~0. OO0085I5i 


COVARTF ELIF ateite 


~0.0014688377 
~0.0029554. 0 
eeeeceseoess 


COPRISCEDStteats 
~0. 7542 35098 
~0. 330770038 
~0. 535099208 
~0. 425992558 
-0.421212710 
0. eOSdee45 
0. 321557236 
eeeeeorosore 


COWORISITeLE Fetes 
6.0 
0.0 
6.0 
6.4 
6.9 
0.0 
0.0 
6.0 


CIWARTFT LD Filezes 
6.0 
9.0 
9.90 
0.0 
0.0 
0.0 
0.0 
5.9 


COPHISCEN Fi tetas 
~0.262065755 
~0. 349470755 
0.5 90633755 
-0.450288826 
0.496689 des 
-0.46669805468 
0.654275 1066 
seeeeeeerere 


(THE ABOVE COVARIANCE OND COPRELATIOCN COEFFICIENTS ORE ESTIMATES OF THE OOOCREE FO WHICH THE SanP_ inc 


VOR IONCES OF SOPE PORAPETER ESTIMATORS AF6 PEL ATED! 
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—_ Example 22d 


SNALTSIS 25508 INE COWSTONT SUP¥EWeL BLT TEPE-SPECIFIC SECOWEOr @attS 


THES “TOL o25 DOEVELTPED SY OFS5. SOTWSTE OHD ©ORSON OT THE COPRELEL FICHE TONIC. wwtt. 


SPECIFICALLY. PE OODEL STeuUCT URE TS: 


Frise wiz swiss sowie SSS aS) 
fiz wise ste) siwtse 

Five wie swiss 

fre wise 


POLE POLL OOD, PHIDED PRESFOSIN IN THE SON LUTS WeLLf¥Y, C™% 08800 





vies owner *PCOWERY marete 

ise) 7H 19 i3 e ! ! 5 4 2 3 

1% oe9 6 ba 21 it i i% . i 1 

ies ers 3 9 ss 3s 23 is ii io 6 

ioe $0 9 e 9 * zi 2? s ~ 5 

1%? 4) ° © C id $s ” 25 ii iz 

is%ee i07r 0 i) ¢ c 9 ee “6 9 is 

1%6s 1750 i) 0 © c ts) ) io 56 a) 

i970 oe 3 17 © c is) 0 G 97 22 

asva tie ° © © c (3) © S 0 71 

7; oomememes by = = ott et | ee 
' pit imate SE COW tone 
eusccane eeeoe_- ~--SBIEOeAL... 

i 4.70 1.375 1+690 + 6.009 
? 6.999 1.015 6.953 = 00,975 
, $.e77 0.657 4.628 - 7.126 
‘ 6.640 0.eF1 5.508 « 6.17% 
5 46.072 0.573 *.9e8 = 7.1% 
. 6.983 0.506 $.974 « $.092 
’ 7.2799 0.336 6.70% - 6.010 
’ 8.200 0.5% 7.004 « 9. ee 
a $.e41 0.502 4.496 = 6.78? 

SOT THPETIC "FON PECOWEPY BaTE « e.08 

STANDePO FHPOR OF PEON PECOVERY BATE « 0.29 

95t CONFIDENCE INTERWOL FOR PEAN PECOVERY fate « 6.10 - 7.25 


CORSTONT SUR WEWOL @aTe tf) © 8665.75 
STONDAPD FPP OR OF THE CONSTANT SURV iVeL BATE « $3 
OSE CONFIDENCE INTERV OL FOR TRE CONST ONT SwevivaL aare 60.75 - 66.75 


Shan LIFE SOON OS Om OTT « 2.22 
STANDAPO FRENF OF THE PEON LIFE Shan « 0.12 
958 CONFIDENCE PNTEOvaL OF LIFE Sham 2.01 - 2.47 
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SOTOtt OF FFPECTED VALUES —— SSSUPING & CONSTANT SURWTWSL GATE OND TIPF<SPECIFIC SFCOVERY Gates feODEL 7) 
.9 3.2 3.3 *.1 2.3 1.7 oo 8.0 2.3 
0.0 $8.0 24.3 18.0 16.2 1.$ 4-8 8.8 St 
6-0 6.0 827.8 3.6 21.8 14.0 10.6 '* 4 
0-0 6.0 G60 640.6 22.8 14.7 tet so 4.5 
oo 06.08 6.9 0.0 7.3 67.0 27.8 20.6 6.8 
6.9 6. 06.8 6.0 6.0 8.2 46.8 35.9 15.7 
6.6 6.0 0.0 9.0 8.9 C.0 90.7 65.3 26.7 
oo 6.6 0.0 6.0 6.0 €.0 G.06 6.9 53.7 
©.0 6€.0 o.o0 6.0 6.0 C.¢ %o 68.0 17.6 
SATRIE OF CHI-SQUARE VEL VES--ASSUFTNG & CONSTANT SURYA, BATE GND TEPE-SPECIFIC PFCOWERY GATE (NDE. 2) 


6.6 .¢ 6-0 2.3 6.7 1.0 8.0 8.0 6.2 
6.0 6.0 9.5 9.2 242 4.1 0.2 9.0 i. 
6.0 6.0 O.1 6.0 G1 C2 6.0 G.F 21 
9.0 9.0 0.9 6.3 o.1 1.6 o.* O.b 8 O64 
6.0 6.0 6.0 9.0 6.1 t2 6.8 *1 1.2 
6.06 ©.0 6.08 6.0 6.0 1! 0.5 i.d 0.3 
0.0 6.8 6.0 o.¢ %O.6 €.0 4.2 6 G1 
6.0 o.0 6.9 6.0 6.0 j%€.0 8 S-2 41 
0.0 6.9 2.0 9.9 8.6 O60 GO 6.8 6.7 


(FREQUENCIES WERE COPRINED WrEPE EXPECTED VALUES WERE LESS Teen 2.0) 


TEST OF THE MULL HYPOTHESIS Teal TRE CATA FIT THE SODEL ASSUMING & CONSTANT SUP ¥ITHOL OND TIME<SPECIFIC SECOVERY Bates 


CA SOURRE VALUE TSOPPL ED © == (40.70 
[EORE ICAL Col" QUMRE WaLUE aT THE ST LOWE «© 
DEGREES OF FREEDDH « 32 


6.19 


POOROPILITY OF & CHI-SQUREE VELUE LeRGrR Tren 40.70 « 0.179224 76 


ESTIMATED COVERTONTE OND COPPEL ATION COEFF IC TPNTS: 


' Cowart tii.) CoPRTectisse COVARTFTT OF CteLtD COPHEF CLD, FCtetne 
196) ~ ©. 000009955 ~ ©, 009319987 0. 0000079 % 0.021 585%e1 
1966 ~€. 000012430 ~¢€.080088213 -0.090091079 -0.92500465% 
1965 -6.000012686 ~O0.1299%e97T7 ~6. OOON001 93 ~0.0044+6413 
1966 ~0,000024639 ~0.23010%el6 ©. C60001310 0.033580167 
ise? -0.900022399 ~ 0.25526 0611 0.000001689 0.05116-037 
1%* -0.000076645 -0. S07TSe6617 0. 000007312 6.0767046540 
1° -0.909077985 - 0. 340608816 3. 00000 3560 O.RLISe9ia? 
1970 ~©0.000038579 + 0.4270859319 6. 000005687 G. 158 de0386 
197i -€.00003¢677 * 0.4462626985 -0.00003% 77 ~0.6626276985 

S teeations 
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An Example 


A computer example for mallard data is presented below to illustrate Mode! 3 (Example 2.3). The model struc- 
ture and the input data are printed. ML estimates are printed as are their estimated standard errors, coefficients 
of variation, and the 95% confidence intervals on S and f- Also shown is the sampling correlation of S and / Annual 
survival rate was estimated to be 63.38 + 1.46% (ie., se/S) = 1.46%) and the recovery rate was 6.94 + 0.26%. The 
estimated sampling correlation between the estimators of S and / is substantial, — 0.66. Visual comparison of the 
observed data and the expected values (computed using the structure of Model 3, Table 2.5, and the estimates of 
f and S) suggests a poor fit of the model to the data. The poor fit is verified by the chi-square test with 40 df anda 
test statistic value of 65.58. The null hypothesis that the data fit Model 3 is rejected at the 0.01 level of significance. 
The rejection indicates that Model 3 and the assumptions upon which it is based are not satisfactory for the analysis 
of this data set. Actually, this model is rarely acceptable because it is too restrictive. Particularly, the assumption 
that recovery rates are constant from year to year is unrealistic. The model is useful in that it provides a simple 
starting base and is a convenient point to begin exe nining alternatives. 

Several hundred sets of real data have been exa nined with Model 3 and a very high percentage of the data fail 
to fit the model. This is noteworthy because the a.sumptions are essentially the same as those of the commonly 
used composite dynamic method for analyzing adul' data ‘cf. Anderson and Burnham 1976). 


2.5 Model 0 


Models 2 and 3 were introduced as restrictions on Model 1. We now present a model that is © generalization of 
Model 1. Model 0 allows year-specific recovery and survival rates, as does Model 1. The generalization involves 
the assumption that the recovery rates the first year after banding are different from recovery rates of previously 
banded birds. This model is useful in situations where the band reporting rate is different near banding sites, 
and therefore affects primarily newly banded birds icf. Henny and Burnham 1976). Low reporting rates near 
banding sites are probably the result of hunter familiarity with banded birds. In other banding sites reporting 
rates are higher because conservation agency personnel actively solicit bands from hunters. Thus the reporting 
rate for newly banded birds, which tend to still be clustered around the banding site at the beginning of the 
hunting season, may be different from that of birds banded in previous years. Birds banded in previous years are 
more widely dispersed and are not especially affected by reporting rates near the banding sites. The recovery 
rates for newly banded birds are denoted as /*. Other parameters, / and S,, are those defined under Model 1; 
however their ML estimators are different under Model 0. 

We also note that Model 0 can sometimes be used as an approximation for the analysis of in-season banding 
(banding conducted during the hunting season). (This subject is discussed in Section 3.5 for the age-specific case.) 

The structure of Model 0 is given in Table 2.6 in terms of expected band recoveries expressed as functions of 
N.,S,, f, and f* (the recovery rates the first year after banding). The information in Table 2.6 reflects the assump- 
tions upon which the model is explicitly based. 


Table 2.6. Expected numbers of band recoveries under Model 0 for a banding study 
with k= 3,1 =5,and s«=2. 


Year of recovery 
Year Number 
banded = banded 1 2 3 4 1=§ 
1 N, NG N, Sif, N.S, S.f. NS SSf, N,S,S8.8,Sof, 
2 N, Nf N.S.f, N.SLSS, N.S.S.Sof. 
4-3 N, NI N.Sof, N.S.Suf, 


Estimation of Parameters 


Model 0 has a large number of parameters, 34 + 2s — 2, but they are not all separately estimable. For a triangular 
data array, i.e. s=0, f, and S, , are not separately estimable. For the case s > 0, the additional survival rates 
S,,...8. , and recovery rates /,.,....f are not separately estimable. Also note that /, does not exist under Model 0. 
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Example 2.3 


AMALYSIS ASSUPING CONSTANT SURVIVAL AND RECCVERY RATES 


(a CENERAL IZATION ANC EXTENSION TF THE MODELS OFVELGPED BY CHAPMAN AND POBSON (1900. 
PAGE 245 OF BOCK FY SFBERD) 


HALOANE (1955. PROC. KE INT. 


SPECIFICALLY, 


man. CONGR.) = 


SEE BOTTOM OF 


Tee BCCEL STRUCTURE IS: 


31 


BIOMETRICS) a0 











F SF SSF SSSF SSSSF 
F SF SSF SSSF 
F SF SSF 
F SF 
MALE MALL AROS BONDED PRESESSON IN THE SAN LUIS VALLEY, CULDRANN 
year NuMeFR RECWWERY MATRIX 
---. BaNCEe euccuscuscessce 
1S6é3 231 10 13 6 i i 3 1 2 QO 
1°64 6469 0 $$ ra | ié is 13 6 i i 
1965 PFS 0 i) 54 35 23 i8 il io 6 
1966 $$0 0 c 0 44 21 22 9 Ss 3 
1967 943 0 i) ie) © 55 39 23 il i2 
1966 i077 3 0 0 0 0 ¢6 46 2s 18 
1°%6S 1250 ie) 0 Cc c ° 0 iol 5s 30 
is7o $34 i?) Cc Q c 0 © 0 97 22 
isi 312 0 9 c 0 te) 0 ie) te) 21 
INTEPMECTATE STATESTICS 
Ne. 6675. tT * 1066. c 1137. 

PARAMETER ESTIMATE (8) STO. ERR, (8) COEF. vVaRiat. (8) 952 CONFIDENCE INTERVAL 
SURVIVAL R@aTeE (si 63.38 1.46 2.31 60.51 -- €6.24 
RECOVERY RATE (Ff) 6.% 0.26 3.75 6.43 -- 17.46 
CTORELATIONIS.F) = =~.€€31765¢ 
“EAR LIFE SPARK AS ON ABCULT «= 2.15 
STANDARD © RROR OF PEON LIFE SP ON « 0.11 
95% CONFIDENCE INTERVAL DF LIFE SPAN i.95 = 2.43 
MATRIX OF EXPECTED VALUES == ASSUMING CONSTANT SURVIVAL AND RECOVERY RATES (SNDEL 3) 

16.0 10.2 6.4 4.1 2.6 1.6 0.0 0.0 2.1 

0.9 45.1 286.6 186.1 L145 7.3 4.6 0.0 4.8 

0.0 0.0 61.65 39.0 24.7 15.6 $65 6.3 4.0 

0.9 0.0 0.9 41.9 26.0 16.5 1C.4 6.6 4.2 

0.0 0.0 0.0 0.0 65.5 @1.65 26.3 16.7 10.6 

0.0 0.0 0.6 0.0 0.0 76.8 4444 380.0 19.0 

0.0 0.0 0.0 0.0 0.0 0.0 66.68 55.0 34.9 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 65.1 41.3 

0.0 9.0 6.9 0.0 0.6 0.6 0.0 0.0 21.7 

MATRIX OF CHI-SQUARE VALUES <= ASSUPING CONSTANT SURVIVAL AND RECOVERY RATES (“ODEL 3) 

2.28 0.79 0.03 2.33 0.57 1.183 0.0 0.0 0.37 0.20 
0.0 3.71 2.00 0.24 1.08 4.51 0.42 0.0 1-61 0.23 
0.0 0.0 0.91 0.00 O.12 0.35 O.12 2.20 1.02 0.00 
0.0 0.0 0.0 0.22 ©6.55 1.867 0.20 0.86 0.34 0.02 
0.0 0.0 0.0 0.0 1.68 0.15 O.41 1.93 0.19 0.54 
0.0 0.9 6.9 0.0 0.0 1.03 0.06 0.04 0.06 0.17 
0.0 0.0 0.0 0.C€ 0.c¢ 0.0 2-32 0.29 0.68 O.1¢ 
0.0 0.0 0.0 0.0 0.0 0.0 0.9 15.56 9.01 0.19 
0.0 0.0 0.0 0.0 0.0 0.0 0.¢ 0.0 0.02 06.00 


(FREQUENCIES WERE CCPRINED wHEee 


EXPECTED VALUES WERE SMALL) 


TEST OF THE NULL HYPOTHESIS THAT THE DATA FIT THE MODEL ASSUMPENG CONSTANT SURVIVAL AND RECOVERY RATES 


CHI-SQUARE VALUE (SAPPLE) «© 


THEORETICAL CHI<SCUARE VALUE AT THE SS LEVEL « 


DEGREES CF FREEDCR « 40 


PROBABILITY OF & CHI-SQUARE VALUE LaRGER Than 


9 ITERATIONS 


*.*8 
ec.° 


55.76 


65.58 © 0.00655472 





nest Cary AVAILABI 





32 CHAPTER 2. MODELS FOR BIRDS BANDED AS ADULTS 


The ML estimators of the parametczrs of interest are: 














- R, t=1,...2, 

fi =x 

j -R-Ru_ C-R, Sea igo 
'"N, T.-R,-C+R, re l2,...k  .ifs>0, 

g RR. N,., pp Es eo ‘) lo eee 
a N, RR | TMs ~ Rie os 1,.... k-lL,ifs>0, 


The ML estimators of S, and f, under Model 0 are slightly biased for values of N, usually encountered. The 
following adjusted estimators, which are essentially unbiased, are printed by the FORTRAN program ESTIMATE: 








; R-R, C, — R,, 

‘ON, T.-R,-C,+R,4+1" 

- R-R, N,.,+1 C01 Ric saes 
Si= N, sti ) 


Other parameters are estimable only as products and, while of little biological interest, are required for the good- 


ness of fit tests. The corresponding ML estimators are: 








Ss, he ans 1A-1 ifs=0, 
Spo Seo hoe Ee i=1,...,sifs>0. 
"  2Ce., 


Sampling Variances, Standard Errors, and Confidence Intervals 


Estimators cf the sampling variances of estimators of the parameters of interest are: 


var(f*) = fr - f*)IN, 





i= 
Fy _«f l l 1 
{OT 1) ee a ey ne _ 

onl e Lan | ROE: NT-R-G+R, - Ri rf 
5 =(§ye/-- -t, 1 : 

var $i) =(8)" NY Ro Rossi Nov BBG Re FoR 


el... 


eae 


_k-l,ifs=0 
hk «ifs >, 


_ k-2,ifs=0. 
_k-1,ifs>0. 


1, 
2 


s*. 


Program ESTIMATE prints the estimated standard errors of the estimates, e.g., se(f* )= Vvar(f*). Also, the 


approximate 95% confidence intervals on the various parameters are computed and printed, e.g. 
S,+ 1.96 se/S,). 


Sampling Covariances and Correlations 


f+ 1.96 self) or 


Because the estimates of f, /*, and S, are all derived from the same data set, sampling correlations e~ist between 


these est: mators. These quantities are estimates of the linear relationship between the sampling 


variations of the 


estimators. These sampling covariances and correlations are important because they determine the relation- 
ships between parameter estimates much more than any structural relationships between the true parameters. 
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The estimators of the non-negligible covariances are: 





conte =— PHN, ine ites, 
cov ft Sy = — fP SIN, cS aera 
cov fit Sv = f*. SIN, imfeiineeo. 
cov(},5,) =FS, Ez 7-H = fF  aan, ~ 
cow h-s8=- Sf ee pe cs aera y ee 


L) Dhue ey 
Ge = "N..  “\1,....k-2ifs> 0. 





cov(S;,8, .1)=-SS. ‘lc 


Goodness of Fit Test 


The estimators of f,, f, and S, and particularly their sampling variances and covariances, are dependent upon the 
assumptions being made. These assumptions are specified in the model. It is crucial that realistic assumptions are 
made and that a correct model is used in the analysis of a particular data set. 

The fit of the model to the data is assessed by a test statietic approximately distributed as chi-square under the 
null hypothesis that Model 0 is correct. Estimated expected numbers of band recoveries are computed with the 
formulae in Table 2.6 and the ML estimates f. f-, and S,. The test statistic is 


(O, — E,,)? 
2= yy —_ .. 
GBS 
The degrees of freedom for this test are 
(kik + 1)/2)—(3k — 3) ifs=0 


(kik +1)/2)+(ks) —(3k —2+8) ifs>0. 


Some combining of cells may be necessary if corresponding estimated expected values E,, are small (less than 2). 
When cells (estimated expected values E,,'s) are combined, the corresponding data values R,,’s must also be com- 
bined; this is done by program ESTIMATE and the pooled data and expected values ave printed along with the 
goodness of fit statistic. One degree of freedom is lost for each cell that is pooled. 


Proper and Improper Use of Model 0 


Proper use of Model 0 is limited to situations where parameters can reasonably be assumed age-independent 
(e.g., adult bandings) and the first year recovery rates /*are different because of hand reporting rate problems. Then 
Model 0 can be used to estimate the pararieters S,, f, and /* 

Two other models, making quite different assumptions, are “confounded” with Model 0. Table 2.7 presents the 
structure of these models. The ML estimators of expected recoveries in each cell are the same under Model 0 and 
the two models depicted in Table 2.7. Therefore, a goodness of fit test or likelihood ratio test cannot distinguish 
among the three models. Model 0 and the two cases represented in Table 2.7 are all parameterized in such a way 
that they all have the same minimal sufficient statistic (cf. Brownie 1974b). 


REST CEry _—" 
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Table 2.7. Expected numbers of band recoveries under two models similar to Model 0, 
with k =3,: =5, and s=2. 


Mode! Year of recovery 

Version 1 2 3 4 5 
Nifi NS? f- NSPS: f, N,S/S.Sfi N,S?S.S,S,f. 
i Nf N.S* f. N.SISfi N.S?*S,S,f. 
Nofi NS? fi N,.Si Sif. 
Nf N.S? f- N.S?S:fi N,SIS.Sof; N,S7S:S,Sif. 
2 N. f: N. Ss: fi N.S? S hi N.S} S Saf. 
Nuff N.Sif N,STS,f. 


It is difficult to find a meaningful biological interpretation for the first case represented in Table 2.7. The second 
case could arise as the result of age-specific survival and recovery rates (age-specific for two age classes: young and 
adults) cr as a result of survival (and hence recovery rates) being affected by stress during banding or tagging. The 
latter may arise more often in fish tagging experiments or studies of small birds. Estimates of f* S; f, and S, are 
not possible for the former case unless adults are also barded. This subject is discussed in detail in Section 3.9. 

Unless we have knowledge of the biological conditions and are willing to believe that band reporting rates (but 
not harvest rates) are different the first year, we do not know which of the three models we are testing for fit. The 
improper use of Model 0 when one of the two alternative (and indistinguishable) models is in fact correct is il!us- 
trated in the following example 


An Example 


Data for young male mallards banded before the hunting season in southern Ontario are analyzed in Example 2.4. 
The proper analysis of these data (Example 3.6, using the age-specific models in Chapter 3) confirms that survival 
and recovery rates of young and adults are different. The appropriate model for the Ontario mallard data is the 
second model in Table 2.7. The example was chosen to illustrate the improper use of Model 0 even though it appears 
to fit the data. The goodness of fit test will not detect the improper use of Model 0, because this test does not 
distinguish between Model 0 and the two alternatives of Table 2.7. 

The structure of Model 0 and the banding and recovery data are displayed in Example 2.4a. The ML estimates of 
f and f*are printed along with corresponding standard errors and confidence intervals. The estimates / and /“ are 
4.48% and 10.12%, respectively. This large difference would tend to suggest that Model 0 is appropriate, and we 
also observe the chi-square goodness of fit test fails to reject Model 0 (y? = 27.6, 19 df). At this point we might be 
inclined to think that because Model 0 fits the data, the ML estimates of /, /;,and S, are useful. Except for the esti- 
mates of /; this is not true; the estimates and their sampling variances and covariances, etc., are useless because 
the correct model for the data is not Model 0. Instead, the correct model is version 2 of Table 2.7, a model that cannot 
be distinguished from Model 0 unless adult birds are also banded. (See Section 3.9 for a further illustration of this 
subject, and Example 3.6 for the correct analysis of these data.) 

If survial rates are not age-specific, but band reporting rates significantly distort the first-year recovery rates, 
then Model 0 should be used, even though the sampling variances will be large. Use of the simpler Model 1 would 
produce biased estimates of /, and S,. However, one must weigh the loss of precision vs. this bias. In other words, 
it may be appropriate in some situations to gain precision and risk the consequences of somewhat biased estimates. 
Unless the null hypothesis that Model 1 fits the data is strongly rejected (e.g., at the 0.61 level of significance) 
Model 0 probably should not be «used. The analysis of a large number of data sets has shown that Model 0 is ex- 
tremely general, and it would be unusual that a given adult data set could not be well described by Model 0. Often 
one of the simpler models, such as Model 1 or Model 2, also fit the data satisfactorily, and therefore should be used. 


2.6 Testing Between Models 


We have emphasized that the determination of the adequacy of a model involves goodness of fit tests and specific 
tests between models. The goodness of fit tests were discussed in the above sections. This section presents tests 
between models. 
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MODEL © 


ANALYSIS UNDER THE ASSUPPTIONS OF TIME-SPECIFIC SURVIVAL 


STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 2.4a 


OIFFERENT FROM RECOVERY RATES OF PREVIOUSLY-BAKDEO COHORTS. 


THIS MODEL IS AN EXTENSION OF THE SEBER-ROBSON-YOUNGS MODEL {MODEL 1) IN 
THIS MODEL IS USEFUL IF THE BAND REPORTING RATE IS QUITE CIFFERENT THE FIRST VEAR AFTER SAWDING (E.G.5 SAND 


OFF 


THAT THE FIRST-YEAR RECOVERY RATES ARE 


AND RECOVERY RATES WHERE THE FIRST-YEAR RECOVERY RATES ARE 


COLLECTING ACTIVITIES CONDUCTED SY CONSERVATION AGENCY PERSONNEL TFTEN AFFECT PRIMARILY THE FIRST-YEAR RECOVERY RATES). 


(MODEL DEVELOPED BY BROWNIE (1974. CORNELL BIOMETRICS UNIT PAPER 535-™)). 


TRE USE OF THIS PODOEL WS. MODEL I. 


SPECIFICALLY, THE PCOEL STRUCTURE IS: 


BAKO 


year 


1965 
1966 
1967 
1968 
1969 
1970 
i9vt 
1972 


RECOVERY MATRIX 
132 48 33 13 8 ° 8 5 1 

0 175 33 A il 190 + 7 1 

Q 0 165 39 23 i2 13 5 v 

0 i) 0 193 $i 24 £3 i2 5 

i) 3 QO 193 43 39 is 9 

0 0 0 0 0 %7 i113 56 32 

i) 0 9 ) i) ie) 392 176 70 

0 re) 0 0 0 0 ie) 342 101 

ecceeesecsses BECOVEBY BATE. ...F11). 182 

ESTIMATE STandaeod 952 CONFIDENCE ESTIMATE aero 

eaceeene ~~ERBO2.. ~--ANIELVAL_._ auensese *NEBR28- 

seeeeee seetese seeceeee =~ seeeeee 8.4098 0.7390 
3.115 0.673 1.796 = 4.433 11.970 0.349 
4.716 0.900 2.953 - 6.480 19.242 0.755 
2.°6°8 0.5% 1.862 : 3.954 11.137 Ve 756 
3.0% 0.64% 2-640 - 5.148 19.444 o.7il 
3.884 0.57% 2.760 - 5.011 10.498 0.518 
6.676 0.433 5.044 - §.308 8.74 0.421 
6.173 C.900 4.409 - 7.936 9.542 0.49! 
4.481 0.324 3.845 = S117 19.122 %.769 


-_—<—<— ee ee ee ee ee ee ee ee ee ee EE EEE ELLE ELL LLL LL Lt ls ll i le 


SCLeFc2s SCLOS¢C20003) SCLISCZISCSIF CGS SELPSCZUSCSISCGDEES) 
Fet2) St206¢3) S¢2Z0SC30F 04) SCZ0SE3ISC460F 05) 
Fet3) S«¢30F(4) SE3)S06)F15) 

Fei4) St4)FC5) 


YOUNG MALE MALLARDS BANCED PRESEASON IN SOUTHERN ONTARIO, 1965-72 


ING AND RECOVERY INPUT Data 


NUMBER 
Basle 


is7o 
1462 
1611 
1733 
1848 
3456 
44e8 
3£e4 











(QUANTITIES SHCwn AS @00@ee8 ARE NOT ESTIFAPLE UNDER “oot. OF 


TEST OF THF 


COMORTS PANDED IN PREVIOUS VYEORS 


THIS 15 & TEST OF @OREL L CTHE SULL HYPOTHESIS) VS. MODEL @ CAN ALTERNATIVE HYPOTHESIS) 
! CwHl-Scuare wOrPPwarto,it 
1966 35.14 5.93 
1967 13.74 3.71 
19¢8 47.17 4.87 
1969 29.93 5.47 
i97c 40.37 6.35 
i97i 3.76 1.94 
i972 7.53 2.74 
TOTAL 177.€3 33.01 
PROBABILITY OF DOBSERVIAG A VALUE LARGER Tran 33.01 1s 0.0 


PRYUAABILITY OF A CHE-SQCUAKE VALUE LORCER Tran 177.63 «© 0.9 


REST § 


ok 


sti 


REFER TO BROWNIE (1974) FOR & DISCUSSION OF 


ALLOWED 1 





tT); rene To SSI£_.__£211)_.18). ____ 


95% CONFIDENCE 


~--ANIEfval___ 
7.035 = 9.780 
10.306 = 13.634 
8.761 = 81.723 
$2656 - 12.618 
9.069 = 11.838 
9-482 = L1.5t4 
7.908 = 9%, 560 
6.581 - 10.594 
5.595 = 13.669 


NULL HYPOTHESIS TRAT TE FIRST< YEAR RECOVERY RATES AND/OR SUPVEIVAL RATES ARE THE SAME AS THIISE FAM 


AVAILASIE 
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Example 2.4b 
YOUNG MALE MALLARDS BANDED PRESEASON IN SOUTHERN ONTARIO, 1965-72 
SURVIVAL SCT) (2) 








Year SURVIVAL STANDARD COEFFICIENTS 95% COKFIDENCE 
1965 "95.67 5 _ 65.92 = 125.42 
1S66 45.93 7.61 16.57 31.01 - 60.86 
167 67.75 9.83 14.51 48.48 - 87.01 
1868 62.18 8.7 14.43 44.55 = 179,77 
1969 59.¢¢ 7.57 12.80 44.26 = 73.92 
1$70 46.55 5.16 10.99 36.83 - 57.06 
1971 60.05 8.27 13.77 43.84- 16.27 
MEAN 62.52 2.68 4.28 57.27 = 67.76 





MEAN LIFE SPAN AS @N ADULT «= 2.13 
STANDARD ERROR OF THE MEAN LIFE SPAN «= 0.19 
SS CONFIDENCE INTERVAL OF LIFE SEAN 1.79 - 2.57 





Year NUMPER RECOVERY MATRIX 
~--— BSABDEL 

1s65 1570 132 4e 33 13 6 s 6 0 6 
1966 1462 0 i7s 33 e il 10 4 0 8 
1967 1611 0 f°] 165 34 23 12 13 s 7? 
1968 1733 0 0 0 193 51 24 13 i2 5 
1969 1848 0 0 i?) c 193 43 39 15 9 
1970 =34%6 0 0 ie) id o 367 113 56 32 
197i 44688 0 c) i¢) 0 to) © 392 ivé 70 
1972 358 0 0 i?) c t°) t?) oO 342 101 


“ATRIX MF EXPECTED VALUES UNDER MOCEL 0 


132.0 46.8 32.5 3.€ L163 6.7 5.4 0.0 4.4 
0.0 175.0 34.7? 2362 1160 665 5.2 0-9 42 
0.0 0460 165.0 31.7 2664 15466 1266 7.0 3.2 


0.0 060 0.0 193.0 42.0 24.7 20.0 IL-l 5.1 
0.0 @.0 0.0 O.C 193.0 42.4 34.2 19.0 8.7 
0.0 0.0 0.0 0.C 0.0 267.0 109.6 60.8 27.8 
0.0 0.0 0.0 0.C 0.0 0.0 392.0 166.4 76.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 342.0 101.0 


0.00 0.03 0.01 0.03 0.97 0.61 1627 G60 0462 
0.0 0.00 0.06 2.07 9.00 1.89 0.29 0.0 5.34 
0.0 0.0 6.00 1.66 0.44 0.82 0.01 0.56 4.57 
6.0 86%0 0.0 0.00 1.95 0.02 2642 0.08 0.00 


0.0 0.0 0.0 0.0 6.00 0.01 0.67 0.84 0.01 
6.0 0.0 0.0 0.0 6.0 0.CO O.i1 O639 0.64 
0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.56 0.47 
0.0 06.0 0.0 0.0 00 O.0 0.90 0.00 0.00 


( FREQUENCIES WERE COMBINED WRERE EXPECTED VALUES WERE SMALL) 


TEST OF THE NULL HYPOTHESIS THAT THE DATA FIT HCOEL O 
CHI~SCUARED VALUE (SAMPLED = 27.63 
THEQRETICAL CHI-SQUARE VALUE AT THE 58 LEVEL «= 30.10 
DEGREES OF FREEDOM « i9 


PROBABILITY OF & CHI-SQUARE VALUE LARGER THAN 27.63 = 0.09086155 


REST SPY AVAABIE 
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ESTIMATED C WARTONCE OND COPEL ATICN COEFFICIENTS: Set} = SURVIWel SATE IW Wear ft 


1 COweRC Perth. Fates 
1965 eeeeseeeeeee 
1966 -0.000002550 
1967 -7.000007098 
1968 -0.0€0001 96S 
1969 -0. 9099022099 
1970 -0.000001167 
1971 -0.C00001299 
' C ee TF ett). e ates 
is6s eteeeeeeeces 
1966 -0.94465C0967 
1967 0. 046114387 
1968 —C. 046339946 
1969 ~0.04683458462 
1970 -0.C3919¢0272 
1971 -0.037073185 
' COWARTF CTD SEED 
i965 eeeeeseeeene 
1964 0.000183541 
1967 ©.0C03028%6 
1968 0.0CO1Le1 Tee 
196° C.0002065<¢ 
1970 0.903085536 
i971 9000154039 
1 CVORIFITD. SEED 
1965 eeeeeeeeeeee 
966 0.3505 07539 
1967 0. 342448650 
ises ©.337826278 
1969 0. 422694651 
1970 0.2886512716 
isvi 0. 2230565641 


Example 2.4c 


Forth «= FIFST~TEG® PECIWEEY #4TE IW YEaR I 


Fils «© SEC°WE®Y Pate IN Wree tf 


C Dwamtreocth. Setiy 
0. 000051233 
-0. GO0C 37606 
-0.000063070 
=-0.000039958 
—3.390333397 
=-3.000014097 
-3. 920311087 


CMRF OTID. Sede 
-0.068167387 
-G.058200191 
-0. 957990132 
0. 058627606 
3. 302061808 
-0.05209C577 
-0.0355277258 


CWwartFiteii. scans 


-9.990382310 
-0. 000205351 
-0.0001 76273 
=0. 000215305 
0.00010 %e¢3 
~0.020120616 
-0.000356692 


C WRITE CL OLD, SETDD 


=—O0. 574335 te? 
0.29991 9265 
-0.335967747 
-0. 375039912 
-0.2467822746 
~0.286022562% 
-0.4679280826 


(QUANTITIES SHTWN 25 @8eeee Off NOT ESTIPAPLE UNDER S008. 0! 


CowaRtFerttioit,serrs 
0.9000783178 
3. 303029239 
0. 0000463536 
0.9000 35140 
0. 000017745 
0. 09909691 36 
9.990915909 


CRMC OTTO Ld. Sete) 
0.0 
0.050795 756 
0. 3586054670 
0.9055046655¢ 
0. 96S5257679 
0.94200728" 
0.9990 f°R16 


CWARTSETDS StTOLD? 
-0. 305637 dei 
0 .9029469645 
3. 293 TeeTTS 
-0.00326725¢4 
0.001 }00088 
-0. 901083202 
ee eeeeeeeeee 


CUPRISCT DS Sttenes 


0. 487976793 
-0. 3°6310307 
0.6272 99376 
-3.681277833 
0. 50145761 
-6. 253765227 
eee eeeeeeore 
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Summary of Models 0,1,2,and 3 


We begin by summarizing the basic structure and assumptions relating to each of the four models for adults. 


MODEL 06 -/. / . and S,— recovery and survival rates are year-specific and 
the first-year recovery rates are allowed to differ from others. 


Nf NS. NSS NSSSS, 
Nf N.S, NSS Sf, 
Nf NS Af, 
MODEL | —/ and S. — recovery and survival rates are year-specific (a restriction from Model 0). 
Nuf NiSuf. NSS. N,S\S-SS, 
Nf: N.S-f, N.S.S.f, 
Ng NSf, 
MODEL 2 — / and S — recovery rates are year-specific, but survival is assumed to be constant (a restriction froin Model 1). 
Nifi N.Sf- N,SSf, N.SSSf, 
N.f- N.Sf, N.SSf, 
Nof. N.Sf, 
MODEL 3% —/ and S — recovery and survival rates are constant (a restriction from Model 2). 
Nif N,Sf N,.SSf N,SSSf 
N.f N.Sf N.SSf 
NG N.Sf 


This sequence of models proceeds from a very general model to a very simple and restrictive model. Selection of 
the proper model is important to avoid biased estimators and to realistically estimate the precision of the estimates. 
Therefore, models that do not fit the data should not be used (e.g., Model 3 fits data only infrequently). On the other 
hand, models that are too general should not be used if simpler models (fewer parameters) also fit the data. 


Model 1 vs. Model 0 


A test of Model | (as the null hypothesis) vs. Model 0 (the alternative hypothesis) provides information on the fit 
of Model 1 and on the significance of band reporting rates the first year after banding. Specifically, this is a test of 
the hypothesis that / =f, i= 2,...,4. A chi-square test statistic to test the individual hypothesis /*=/ is given by 


, (R RY / RAT. -RO(T,-C) j2,....k-lits=0 
KP AG r) CIT. \2....k  ifs>0. 


Each y’ is approximately distributed as chi-square with 1 degree of freedom. An overall! test is based on the sta- 
tistic x° = yy’, which is chi-square with k - 2 degrees of freedom under the null hypothesis if s = 0 and k — 1 degrees 


of freedom if s > 0. 

If we have prior reason to believe, for example, that /* > /, a more powerful test is appropriate. It is computed as 
+\y*: minus if f*< f and plus if f*>/ (i= 2,....4-1ifs=Oandi-~2,...,k,if s > 0). To be specific, z;=+ \ x? and is 
approximately a standard normal variate under the null hypothesis /* = f. An overall test statistic is z - Lz, which 
is normally distributed under the null hypothesis with variance é — 2 if s = 0 and &—1 if s > 0. Both tests and their 
achieved significance levels are computed by the FORTRAN program. In Example 2.5 the San Luis Valley 
mallard data (see Section 2.3) are used to illustrate these tests and their interpretation. 

Individual x’ and z, values appear along with the total y’ and z of 16.33 and 5.35, respectively. Both the less speci- 
fic chi-square test (7 df) and the one-sided normal test indicate a rejection of Model 1. In other words, the first-year 
recovery rates are significantly higher and, therefore, Model 0 appears to be appropriate. Although there is evidence 
that we should reject Model 1 (0.021 and 0.037 significance levels), we see that the large y? and z values are largely 
attributed to just 1 year. 1970. In this situation we would suggest the use of Model 1 (assuming the goodness of fit 
test of Model 1 is satisfactory) and we would be cautious of the estimates of survival in 1969 and 1970 and the re- 
covery rate in 1970. This is an example of an instance where it may be judicious to risk a little bias to gain increased 
precision. Compromises such as this must be carefully considered: if carried too far one might have a very precise 
but biased estimate. 


NEST CSPY AVAWABIE 
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Tests Between Models 1, 2, and 3 


Tests between Models 1, 2, and 3 are likelihood ratio tests and will not be explained in detail because of the com- 
plexity involved (see Appendix A for mathematical background). These test statistics are approximately distributed 
as chi-square under the null hypothesis. The null hypothesis is that the more simple model fits the data. For ex- 
ample, if we test Model 3 vs. Model 2, we are testing the null hypothesis that Model 3 fits the data, against the 
specific alternative hypothesis that Model 2 is the true model. The degrees of freedom for these tests are merely 
the difference in the number of estimable parameters between the two models. 

We use the San Luis Valley mallard data to illustrate these tests; the computer results appear in Example 2.5. 
Mallards were banded for 9 years and recovery data were summarized (k=, — 9). Model 1 has 17 parameters 
(9 f and 8 S,), Mode! 2 has 10 parameters (9 f and 1 S), and Model 3 has 2 parameters ‘f and S). The degrees of 
freedom for each likelihood ratio test are summarized below. 


Comparison Degrees of freedom 
Model 3 vs. Model 1 17- 2-15 
Model 3 vs. Model 2 i0- 2 8 
Mode! 2 vs. Model 1 17-10 7 


The first comparison (Example 2.5) relates to the test of Model 3 vs. Model 1. A chi-square value of 33.36 with 
15 df is very unlikely (P = 0.004) if the null hypothesis is true. Therefore, we reject Model 3. The second comparison 
is similar in that Model 3 is again rejected (P = 0.003), this time in favor of Model 2. 

The third comparison (Example 2.5) is the most useful and important and is a test of Model 2 vs. Model 1. Specifi- 
cally, this is a test that annual survival rate varies. In the example, we see that a chi-square value of 10.03 with 7 
df is not unusual /P = 0.187) and therefore we cannot reject Mode! 2 in favor of Model 1. At this point, Model 1 and 
Model 2 fit the data ‘in addition to the very general Model 0). We would recommend using Model 2 because it is the 
simplest modei that adequately describes the data. It has only 10 parameters (as opposed to 17 for Model 1 and 24 
for Model 0) and therefore substantially better precision of the estimators is achieved. Note that the choice of a 
model should not be based on these comparative tests alone. The goodness of fit tests must also be examined. For 
example, it is possible for the test between Model 2 vs. Model 1 to fail to be significant, yet Model 2 does not fit 
well, while Model 1 fits. In this case Model 1 is appropriate. 

In the example discussed above Model 2 was indicated as being appropriate. Biologically, we are not saying the 
parameter S is a constant. We are saying that as far as estimation is concerned and considering the precision of the 
estimates, S from Model 2 is a better estimate of the parameter S, than the estimate Ss. from Model 1. 

As caution we add that if only small samples of recovery data are available for analysis, the power and distri- 
butional properties of these tests may be unsatisfactory. 


2.7 Mean Life Span 


The arithmetic mean length of lif: of birds banded as adults is defined as the mean life span (MLS) (Seber 1973). 
An estimate of the MLS and measu’es of the precision of the estimate are computed by program ESTIMATE for all 
four models for adults. Strictly sp caking, it applies only to Models 2 and 3. It is a useful approximation for Models 
0 and 1 if the parameters S, do not vary appreciably. MLS is expressed in years. 

Under Models 2 and 3 the ML estimate of the mean life span is 


The average survival is used in the approximation for Models 0 and 1 


> 1 

MLS _. z: 

-/ntS) 

Estimates of the sampling variance of this statistic are given by Cormack (1964). We have employed a better and 
simpler procedure to construct approximate confidence intervals on MLS. From the principle of Maximum Likeli- 


hood we know that the estimates of S; are approximately normally distributed for large sample sizes. In particular, 
the average, S, is nearly normally distributed. Since MLS is a simple one-to-one transformation of S or S. we merely 
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Example 2.5 


POLE “01. 2905 FONDED PRESEASON IN THE SON LOTS WALLEY, COLDRADD 


TEST OF THE MULL HYPOTHESIS THAT THE FERST~ YEAR PECOWERY BATES GYD/08 SUPVIVEL FATES SPE THE SOE 45 THIS Fee 
COMOSTS SANDED IW PREVIOUS TEAS 


THES 1S & TEST OF MODEL 1 (THE SWULL HYPOTHESIS) V5. SODEL O (ON ALTERNATIVE HYPOTHESIS) 


! Cwl- SQuaret wOPrelio.tt 
idee 0.14 -6.37 
19e* 0.16 0.40 
19¢ee 1.47 1.21 
ise? 0.e 0.92 
ieee 1.78 ~i.13 
ives o.es 0.97 
i970 11.59 3.40 
mora ie.33 5.35 


PR VEABILITY OF ORSERVING & VALUE LOPGE® Trae 5.55 iB) 0.02151668 


PRUPAFILITY OF & CHI-SCUSRE VELWE LOPCE® Tran i¢.33 « O.037T9OR 44 


TESTS OF WRRTOUS #ODELS AND aSSUPPT IONS 


116 FOCH CASE THE SULL HYPOTHESIS SEENG TESTED 15 THAT THE SIMPLEST S°DEL, THE ONE SITH THE FEWEST PROOWETERS, FITS THE Dates 


TEST OF THE MODEL BSSUFIVG CONST ONT SURVIVAL O9D RECOVERY BATES AGAINST THE © DEL 
ASSUPIAG TIME-~SPFECTFIC SURVIVGL OND PECOWER®) fates 


CFS WS FER Reece eFtEd BRD SHLD ee wee SOM 1) PODEL) oo POOF, 3 ¥S. POOL 1 
CHi-SOLePFe value « 33.0% 
THEORETICAL CHI-SOUG®E Valu OT TRE ST LEVEL « 25.00 


MEGPEES TF FREEDOM « 15 


PRIGOBIL ITY OF & CHI -SCUAPE VALUF LORGER Tran 33.36 © 0.004618205 


TEST OF THE S9ODEL ASSUPING CONSTANT SUPYIVAL AND PECUVERT BATES OCaTWST Tre fF 
ASSUFING CONSTANT SUPViVal BUT TIPR<SPECTO IC PECOVERY BATES 


CFS WS FELD ee ee ef Ih0,S SODEL) oo “roti Bb v5. SUDFL 2 
Cwl-SOueetr vVaLUF « 25.33 

THEORETICAL CHt=-SQUSRE VALUE OT Tre SP LEWEL © 15.50 
DEGPEES CF FREFDO® « Ld] 


PRIVBASIL ITY OF & CHT<SCUPE VOLE LeeCFe Tran 273.33 « 0.007960*%¢« 


TEST OF THE BODEL ASSUPTING CONSTONT SuP¥EWOL FUT TIME<SPFCEFIC @£COWERY PATE. AGAINST THe @OOFY 
ASSUPTAG TIME<SPECTFIC SURVIVAL G80 PECOWERY @aTES 


TEED eee ee Fh EDS WS FULD ee eee FED BND SED Dee une Med) MODELS oo enoeL 2 VS. POEL 1 
Cwrt-Souerte velvet « 10,03 

THENPETICAl Cel SQUGPE VALUE OT TRE ST LEWEL © 14.10 

MEGRFES TE FREEDOF « ? 


PRENBARILITY OF & CHI-SQUMPE VaLUF LeRGER Tran ic.03 « 0. 1e?0seR7 
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make the same transformation of the lower and upper confidence interval bounds S, and S,. computed on S. The 
lower and upper confidence intervals (nonsymmetric) on the MLS are 











MLS, = —— MLS, = - for Models 2 and 3 
—/ntS,) -/ ‘S,) 
and 
“oN l a~™. 1 
MLS, = —, MLS, = —- for Models 0 and 1. 
—/niS,) —/ntS,) 


This procedure is used in the FORTRAN program ESTIMATE. 


2.8 A Computer Example Using All Four Models 


In this section we will discuss the analysis and interpretation of an excellent set of data from male mallards 
banded during January and February in Illinois. Banding was done annually from 1963 through 1970 and recovery 
information was recorded through 1973 (k= 8, , = 11, s=3). These data represent a good example because large 
numbers of birds were banded and a large number of recoveries are available for critical analysis. Good data sets 
such as these allow confidence regarding the various point and interval estimates, power of tests, and approximate 
normality of the estimators. 

The results of the computer analysis of the Illinois mallard data are presented in Example 2.6. The rest of this 
section discusses this example for each of the four models. The computer output begins with a page of definitions. 
Subscripts are parenthesized and all symbols are in upper case on the computer output, f =FiI), S, = Si1), etc. The 
definitions are followed by an analysis of data under the four models. The sequence progresses from the general 
Model 0 to the very simple, but restrictive, Model 3. In each case, the specific structure of the model is given in 
terms of cell probabilities as functions of survival and recovery rates. Heading information used to identify the 
data set is printed next, followed by a display of the banding and recovery data. For all four models estimates, 
standard errors, and confidence intervals are given as a percentage. Covariances are, of course, not in percentages 
and correlations are unitless quantities. 


Model 0 


Estimates of the two types of recovery rates /, and /* are printed under Model 0 with estimates of their standard 
errors and 95% confidence intervals (Example 2.6b). The recovery rate in 1967 was estimated to be 3.899 + 0.420% 
(i.e., the standard error of the estimate is 0.420), while the first-year recovery rate in 1967 (/*) was estimated to be 
3.645 + 0.337%. Estimates of the average recovery rates are nearly the «ame for each type of recovery rate, 3.870+ 
0.244% and 3.714+ 0.146%, for fand f*. respectively. A final remark regarding recovery rates is that /, is not defined 
in Model 0 and therefore cannot be estimated. 

A test of Model 1 (the null hypothesis) vs. Model 0 (the alternative hypothesis) is printed following estimates of 
recovery rates. Individual chi-square and z values are printed and the final tests are based on their sums as described 
in Section 2.6. Both tests, one-sided and two-sided, fail to reject the null hypothesis. Neither test statistic was near 
a reasonable significance level (e.g., the 0.05 or 0.01 levels); significance levels were 0.47 and 0.18 for one- and 
two-sided tests, respectively. From this we conclude that the two types of recovery rates are similar and therefore 
Model 1, rather than the more general model, may be satisfactory. The results of this test could have been antici- 
pated because the two average rates fand fia were nearly the same. At this point one would normally examine the 
simpler models and discard Model 0 as being too general. We will finish discussing Model 0 for illustrative purposes. 

Estimates of annual survival are printed next with their standard errors, coefficients of variation, and 95% con- 
fidence intervals (Example 2.6c). For example, the estimated survival rate from the time of banding in 1966 to the 
time of banding in 1967 was 69.69 + 5.97%. One further example, assuming the midpoint of banding was 1 Feb- 
ruary, the survival rate between 1 February 1969 and 31 January 1970 was estimated to be about 63.7 + 5.9%. The 
standard errors of the annual survival estimates tend to be fairly substantial under this model, although very large 
banded samples are involved. Some precision is sacrificed for the general assumptions allowed under Model 0. A 
total of 22 parameters are estimated under Model 0 for the Illinois data. In spite of this, the average annual sur- 
vival rate is fairly well estimated, 68.51 + 1.31 %. 

The mean life span as an adult was estimated at 2.64 + 0.13 years after banding. Of course, many died within a 
few months while a few probably would have lived 13-20 years. An alternative way of perceiving “longevity” is 
the concept of a half-life, the estimated time at which one-half the banded birds are dead. This time is estimated 
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to be 1.82 yeas for the IIlinois mallard data (it is not computed by the program; hence it is not shown in Example 
2.6). Therefore, we estimate that about one-half the adult male mallards banded in Illinois during 1963-70 died 
within 1.8 years after banding. The formula for half-life is MLS « :n/2) = MLS x 0.69 (in the example, 1.82 = 2.64 x 
0.69), the derivation of this formula is given in Appendix A. 

Information relating to the goodness of fit test is given in four parts. First, the banding and recovery data are 
printed for easy comparison with the matrix of estimated expected values, printed second (Example 2.6c). After 
any combination necessary for the chi-square test, both the data matrix R,, and the matrix of estimated expected 
values E, are printed. Only one cell was combined in the example data, R, ,, with R, ,,. Thirdly, the matrix of indi- 
vidual chi-square values is printed. When the model is correct, values above 4 in this matrix will occur only in 
about 5% of the cells. Thus, we suggest that values greater than 4, if excessive, suggest lack of fit in thos< cells. 
Only one cell in the Illinois data exceeds 4 (row 3, column 7 has a y* values of 4.23); this is not unusual. In general 
the observed and expected values are in good agreement. 

The fourth part of the output is the goodness of fit test itself. By summing all the individual values in the chi- 
square matrix, a value of 29.98 is obtained. A value as large as 29.98 with 34 df is not at all unusual if Model 0 is 
the correct model. It is far from 48.60, the 0.05 level of significance. We conclude that we cannot reject Model 0 
because it seems to fit the data quite well; however, we already suspect a simpler model may also fit very well. 

The computer analysis of the Illinois data under Model 0 concludes with estimates of the various non-negligible 
sampling covariances and correlation coefficients (Example 2.6d). Several parameter estimators are highly corre- 
lated, e.g., corr(/.S,), corr/f, . ,S,), and corr/S,S, . ,) (indicated on the computer output as CORR(Fi1),Si1)), CORR 
(Fil + 1),Si1)), and CORR (Si) Sil + 1)), respectively). Several correlations are undefined or nonestimable under 
Model 0 and are indicated on the example computer output by asterisks. If & = /, then additional correlations are 
not estimable. 


Model 1 


The mode! structure, identification of the data set, and the banding and recovery data are displayed (Example 
2.6e). Because Model 1 is so useful in the series, several intermediate statistics are displayed: column totals Ci1), 
row totals Ril), block totals Til), numbers banded Nil), estimates of the products S,---S,., ,/., denoted as 
GAMMA(I]), and total recovery rates R,/N, from each banded cohort denoted as RHC 1). Generally these statistics 
are most useful in checking figures or quickly assessing the quantity of data being analyzed. For example, we see 
that 22,805 male mallards were banded in Illinois and 2,703 recoveries are available for analysis. 

Estimates of recovery rates f are printed with their standard errors and 95 % confidence intervals. The 
average recovery rate jis estimated at 3.511 + 0.109%. So-called “direct recovery rates” or “first-year recovery 
rates” are printed to the right of the ML estimates (these are the same as /* under Model 0). These rates, R.,/N,, 
have been used historically and are printed merely for comparison. We do not recommend their use as they are 
merely inefficient estimates of f if Model 1 is the correct model, and therefore they have larger sampling variances 
(except /|). The direct recovery rates are useful in that a simple, though inefficient, test can be made to test the 
null hypothesis that they are constant. A more efficient test of constant recovery rates could be made based on the 
ML estimators of f,, but it is much more complicated. The simple test resulted in a chi-square value of 43.09 on 7 
df. This is a very unusual value if, in fact, the true recovery rates were constant each year (P ~ 0.00000032). We 
conclude from this that there was signifcant variation in recovery rates. This appears to be a very common result 
and it is unusual that we cannot reject this null hypothesis, even with the inefficient test. 

Estimates of annual survival rates and associated statistics are printed next ‘(Example 2.6f). The average sur- 
vival rate under Model 1 is 68.87+ 0.92 and is similar to the average under Mode! 0, 68.51 + 1.31. The estimates 
of S, are more precise than those under Model 0. The 95% confidence interval on the mean is small, 67.06 — 70.68. 
The mean life span is also estimated with good precision, 2.68 + 0.10 years. 

Matrices of observed data, estimated expected values, and chi-square values follow. Here we see three cells with 
chi-square values of 4 or larger. Summing the individual values in the chi-square matrix we have a chi-square 
value of 49.18 on 42 df. This is a likely value (P = 0.208) and we conclude that Model 1 fits the data satisfactorily. 

Often a very large chi-square value for a particular cell is from an error in the input data. A common mistake is 
to keypunch a number, or row of numbers, in the wrong column. 

Finally, various non-negligible sampling covariance and correlation coefficients under Modei | are printed (Ex- 
ample 2.6g). Generally, the substantial correlations are similar to those found under Model 0: corr’ S,, £), corr’ S,, 
S,.,), and corr/S,, f . ,) (these are denoted on the computer output as CORR(S(1),Fi1)), CORR(Si1),SU + 1)), and 
CORR(Si1),Fil + 1)), respectively). In particular, the estimators of average recovery rate and average annual sur- 
vival rate are highly correlated, — 0.526 in the Illinois example. 
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Model 2 

The interpretation of Model 2 is quite simple. The computer output (Example 2.6h) begins, as before, with the 
structure of the model, identification of the data set, and the input data. Estimates of the recovery rates and 
associated statistics are printed next. In the example, recovery rates ranged from 2.064% in 1965 to 5.003% in 
1970. The average recovery rate for the 1963-70 period was estimated at 3.56 0.10%. 

The survival rate, assumed constant under Model 2, was estimated at 70.44+ 0.85%, a value slightly higher 
than the average annual survival estimated under Model 0 and Model 1. This difference is reflected in a larger 
mean life span, 2.85 + 0.10 years. 

Matrices of estimated expected values and individual c\i-square values are printed next, followed by the final 
goodness of fit test (Example 2.61). Again we find that the model fits the data (,? = 61.18, 48 df, P = 0.096. At this 
point we have three models, each making somewhat different assumptions which appear to adequately describe 
the mallard data. However, final judgment must await examination of the tests between models. 

Sampling covariances and correlations are printed last. Note the corr//,. S) (printed on the output as CORR 
(F(D),S)) increases from year to year. Also, f and S estimators are highly negatively correlated. 


Model 3 

This is the simplest model and begins with a display of the structure of the model and the input data (Example 
2.6j). The constant survival rate was estimated at 70.91+ 0.74% and the constant recovery rate at 3.892 0.10%. 
The estimators of these two parameters are highly correlated, — 0.70. 

Statistics relaced to the mean life span are printed, followed by matrices of estimated expected values and indi- 
vidual chi-square values. Here we note signs of a very poor fit. Seventeen cells have a chi-square value larger than 
4. The final goodness of fit test confirms the suspicion (x? = 217.43, 58 df, P = 0.0). The probability of a value this 
large, if Model 3 is the correct model, is essentially zero (0 to 8 decimal places). Model 3 fits data sets only infre- 
quently, so the above results were not surprising. 


Tests Between Models 

The final page of the computer analysis (Example 2.6k) presents tests between Models 1, 2, and 3 (a test of Models 
0 vs. 1 was presented earlier because it is part of the output under Model 0). In each case the nul! hypothesis is that 
the simplest model fits the data. After all, our objective is to find and use the simplest model that adequately 
describes the observed data. 

The test of Model 3 vs. Model 1 is rejected conclusively (y? = 180.10, 16 df). The test of Model 3 vs. Model 2 is 
also rejected beyond doubt (,’ = 164.19, 10 df\. The results of these tests and the goodness of fit test of Model 3 
allow us to discard Model 3 and its assumptions. In addition, we rejected Model 0 earlier as being too general. The 
final question remaining is whether to use Model 1 or Mode! 2 for the Illinois mallard data. 

The test of Mode! 2 vs. Model | is significant at about the 1 & level (y* = 15.91, 6 df). Therefore, we reject Model 2 
and conclude that there is evidence that annual survival rate has varied significantly. From this information we 
would want to use the parameter estimates under Model 1. 

This concludes our detailed coverage of the four models using the Illinois mallard data. In practice, the whole 
procedure is quite simple. Often, one might want to examine the tests between models (the final page) first. If these 
tests tend to eliminate one or two models, then we could quickly examine the goodness of fit tests for the remaining 
models under consideration. Selection of an adequate model can often be done in a minute or two. 


2.9 Genera. —/iscussion 


The final section in this chapter will Jiscuss a few new points and review others. First of all, the computer analy- 
sis of data from adult bandings (Models 0, 1, 2, and 3) results in a large amount of information. We believe, however, 
that this information can be quickly and easily interpreted. 

Fit of the data is assessed in two ways: tests between specific models and goodness of fit tests of a particular 
model. The use of a model that does not 4t the data often results in seriously biased estimates of parameters, and 
the estimated sampling variances and covariances will be inappropriate. We have found that Model 1 or Model 2 
is adequate for the analysis of most banding studies of adult game birds. Model 3 is too restrictive and somewhat 
unrealistic biologically, while Model 0 is usually too general for most data sets. 

Once a computer analysis of a set of data has been obtained, we recommend the following ste 7s be taken: (1) Care- 
fully check the input data for accuracy. Any errors in summarizing the banding or recovery data or in keypunching 

ars! 7T rt 
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Example 2 6a 


THES COMPUTER OUTPUT PRESETS & OFTSOILED GOL YSIS GF FOUR CENEPRL STOCHESTIC SUDELS FOR THE O4eL YSIS OF SeNnESS 
ERPECT@ENTS. EOCH HODTL 15 BOSEO OW SEVER SL 4SSUPTIONS. I8 EOCH COth PRORMETEOS GFF ESTIMATED USING THE TE OeT 
OF SALI FUP LIREL PHOOO OND THE ASSUFPT IONS O96 TESTED STATISTICALLY. THE SEQUPYCE PODCRESSES FOC 4 GENE RRL @ODEL, 
BASED O% CEL ATIVELY FEe ASSUSPTIONS, TO 4 STOEL eHICH SAES VERY SEFFLE, GUT QUITE SFSTRICTIWE atsuerTio~Ns. 


®** SBLILONS A880 sOTAlICN 

. Tt “PRTe OF VEees CF Sand ING 

1 Tee SUPREO OF VESES TF PEC OVERY 

vite Tet PFCOVECY FATE IN YEOR £. SPECIFICALLY, THE PONBARILITY Treat & BANDED HID 15 SEC OVERS 
OED SEPORTED TO THE B1PD SANDING LaemearoryY t6 TEar f, GIVES Treat If wt) QLIWE 47 THE Sei wHiws 
GeteSoccodl EECEPT PODEL Oe WHERE TH2e Beene et WH LeBevenetet 

’ Tet COWS TANT FFCOWEPYT @4TE (HTT OY OVER EGE VeLUEt 

wi tot SURVIVOR. SATE IN VERE T. «SPECIFICALLY, THE PRORORILITY OF SuP¥TVm OF 4 BIRD IY Wee I, 


Gis TreT Cf Oh OLIVE &T THE SFCINNENE OF FEOF Tt. 
Pehle eee aeti 


ESTIGCATES W SueviVel PFOTAIN TO TH? PERIND FeDe THE Tiet °F BeNDIeG mH TEee £ TO Tee Tie OF 
SawO7T eG tH VEGP iet 


5 THE CONGTONT SutwiveL f4TF (OTT O8 avEPeCE VeLut) 


cat COLWeN TOOL OF THE SPCOVERY SATeTZ 1S VEOR I <= THE TOTM PECOWFROTES I6 CaLeNDer Veer ft 
POhe2eeeced 


ert SOw TOTAL OF THE SEC OWEROY Sates 94 VESR Tf -— THE (OTM SFCOWL PTE S FeO fenoreG IW Vree | 
Bebe Pace cet 


Tit) aoe TOTeL ce | «6M TOT EL CPC OWRO DES (6 OD oFTFe® TEee | FOTN a1. BTEDS BONDED PRIME TO, 290 TS, Veer 
POhe2encect 


wet wUPRte SeNDED IH TEeF I 
Pele 2enccet 


eer TOTAL SECOVERY BATE FeDH BTPOS BaNDED IN Tear 1 
Teh e2eccaet 
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Example 2.6b 


“ODEL © 
seeeeese 


ANALYSIS UNDER THE ASSUMPTIONS OF TEME-SPECIFIC SURVIVAL AND PECOVERY RATES WHTRE THE FIRST-YEAR RECOVERY RATES ane 
OIFFERENT FROM RECOVERY RATES OF PREVIOUSL Y-BA4A0EC COMDRTS. 


THIS “MODEL IS AN EXTENSION OF THE SEBE®=ROBSTN-YOUNGS MODEL (PCOEL 1) IN Teal THE FIRST-YEAR RECOVERY BATES Q8F ALLOWED 19 
OLFFER. THIS MODEL IS USEFUL IF THE SAND REPORTING RATE 15 QUITE CIFFESENT THE FI@ST YEaR AFTER BANDING (6.6... 88ND 
COLLECTING ACTIVITIES CONDUCTED BY CONSERVATION AGENCY PERSONNEL OFTEN AFFECT PREIPARILY THE FIRST-YEAR @ECOVERY @aTES). 
(POCEL DEVELOPED @Y PROWVIE (1974. CORNELL BIMPETRICS UNIT PAPER 535-")). BEFE@ TD BROWNIE (1976) FOF & OISCUSSIW OF 

TRE USE [F TRIS MODEL WS. POOEL I. 


SPECIFICALLY. THE POOEL STRUCTURE 15: 


Fetal StLIFG2) SCLIST2ZNFCS) SULISECZISC RIFLES SCLISCZISECSPST ODE CS) 
Fei?) St20FC58 SCZUSCSIFGS) SEZPSCIISCSDETS) 

fers) SSF te) SCSUSCGIFIS) 

Fes) SC60FCS) 


PALE PALL ORDS FONDED DURING TRE WEINTE?® IN TLL ENCES, 1963-70 


RONCING ONT RECOVERY INPUT Data 


Year wurere RECOVERY “aTeix 
~--— BOOED ee ee 
1563 «42563 | 6s 24 ié i6 il a 7 ? 2 4 
1966 3075 0 141 “5 $2 *9 7 30 2i 16 7 5 
1965 1L1*5 0 0 27 Li ai 6 i9 7? 9 4 5 
196¢ 3418 i?) 0 0 ise 12 44 50 “9 “ 73 5 
i947 3100 0 i) o te) i113 66 $7 65 41 23 10 
isee@ 2409 0 0 i?) 0 i) 63 $2 $9 44 30 ld 
1969 2601 0 c ce) ¢ 0 0 91 80 se ‘7 25 
1s70 44773 0 0 0 ie) ie) i) ie] 222 169 96 46 
—— www aaa BECOWEBY_BOTE... £45). .482 ll —~-LARSI- TEAR BECOVESY BAIL... £eidd.48)..._. 
' ESTIMATE STanoarcr 959 COAFIOENCE Stiate Stavoaeo 9S CONFIDENCE 
scececce ~-~ESB08 .. ~--ANIEEVAL... secescce ~-L2628.. ~--AN1ERWAL... 
1943 eeerece eeceeee eeeeeee «= seeeeee 3.573 O. 63 7-812 = 4.24 
1944 6.©75 i.icé 4.°C? ~ 9.146 4.5495 O.377 3.8646 « $.325 
1965 2-165 0.3*7 i.sof = 2.865 2.259 0.430 1.617 = 3.102 
1966 3.715 0.41* 2.402 « *.078 +2564 a.357 3.864 - 5.264 
1967 3.459 0.470 5,075 - 4.72? 5.6465 0.337 27.985 = 4. 305 
1948 2.9%6 0.277 1.853 - 27.940 2-625 0.326 1.985 = 3. 26° 
1969 3.403 0. 34? 2.694 - *.113 3.499 0. #0 2.792 - 4.2795 
i970 5.035 0.477 4.100 = $.$70 $.998 3. 378 4.366 - 5.650 
wean 5.°70 0.244 52392 - 4.047 Pest) 0.146 3.477 « 4.000 


TEST OF THE NULL HYPOTHESES THAT TRE FIRST<VER® HECOVERY RATES ANO/CR SUPVEVAL RATES ARE THE Same aS THIS BReOw 
CCHMOTS FANTEC 18 PREVIOUS VERS 


TrES TS & TEST OF MODEL 2 CTHE NULL HYPOTHESIS) VS. SMDEL © (AR ALTEONATIVE HYP THESES) 


' Crhi=SCL are NORM ALCOSD) 
1°44 $.69 “2.39 
i9¢* 0.02 0.15 
19¢¢ S17 2.27 
1967 0.23 ~C.68 
i9ef 0.27 0-52 
1969 0.03 0.17 
1970 0.90 -0.07 
Tora 11.42 0.08 
PROBABILITY OF PRSERVING &@ VALUE LARGER Tran 0.18 is O.47136378 


PROBABILITY OF & CHI<SCUBRE VALUE LaRGE® Tran 11.42 * 0.178886S3 


REST Gary AVARAGI 
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Example 2.6c 


PALE “211 89D5 EPNDED OUSING TeE SINTER IN ILLEATES, 1963 70 


SL@wiwal Stl) «ks 








"yeae  Su@vival Stawoaep CORFE ICIEWS O59 CONFIDENCE 
see —f2ete__ CE_wetial ion ~--iJSTEBV SL. 
is63 «8. 72 5.67 11.64 37.61 al *°o.8% 
1966 72.% 8.44 tl.o« 55.99 - 39.08 
1965 71.41 °.15 11.42 $5.43 = *7.39 
196¢ £9.6€5 5.97 8.57 $7.99 - 31.60 
1967 79.99 7.49 9.26 65.40 - 96.49 
1Se8 73.41 7.233 5.95 56.25 — 87.97 
WEAN 68.51 1.3 1.91 65.94 = 71.08 
PEAN LIFE SPAN OS ON BDLLT « 2.64 
STANCAPD FRRDR DF THE SEAN LIF) (SPAN = 0.1? 
957 COSFIDOENCE INTERVAL OF LIF $e aN 2.40 - 2.93 
veer nue PEee RECOVERY “aTaix 
--—— BOSCED 0 ae ee a 
19463 2563 91 e9 24 if i6 ii a 7 7 0 a 
1966 3crs 0 it «4 $2 $0 i? 30 21 ié 7? 5 
1965 i155 re} 0 27 st 21 e i9 7 9 a 5 
1966 34194 9 0 0 ite $2 “6 $0 49 “ 23 5 
is6?7 wc? ] ) P) c 115 oF $7? 4% +1 23 io 
1968 2600 m) 0 0 0 0 63 $2 $9 44 30 i2 
1969 276T1 i?) i? 0 C 0 *) 91 69 se 37 25 
1v7O) «64633 Cc 0 © Cc G 0 9 222 16S he] “6 


4ATRIK OF EXPECTED VALLES UNDF® “TOEL 9 


vie 7.8 19.8 28.7 7.7 8.7 9.1 8.¢ 6.3 0.0 5.6 
. 141.0 6f.3 Sl.2 43.3 21.3 22.2 20.% 15.5 S.1 6.5 

° . 2729 276% 242 Lhe LAD Ube? &.3 4.9 2.4 
0.9 156.0 92.6.9 4566 47.7 46.9 33.63 15.4 9.7 


0.0 0.0 63.0 60.1 56.6 4149 2465 1242 
«C 0.0 O.C 981.0 6835.4 61-7 3Hel 18.0 
«C 0.0 0.0 0.0 222.0 165.3 %6.6 48.1 


eoooco coc Of 
eoecoocoe oo 


9 
0 
Cc 0.c¢ 0.0 113.9 59.3 G2. 58.4 43.3 2563 124% 
Cc 
Cc 
Cc 


“ATRIx OF CHI-SQUARE VALUFS UNDFe® *FDEL O 


0.00 O.02 CoSl 04.62 D617 O.61 G13 Ge29 G.0F 0.0 1.08 
0.0 0.0% 0.22 O4601 1606 GO405 2.72 0.00 0.02 9.47 0.51 
0.90 9.0 0.09 9.46 Oe20 1601 Ge23 14658 0476 34615 Cold 
0.0 0.0 0.0 9.00 O.01 0.06 Godt O.37 0.02 465 2026 
0.0 0.¢ 6.C¢ 0.0 0.90 t626 Be6h 94673 Oot? Be28 0453 
0.0 0.0 0.€ 0.0 0.0 ©.0C 14.10 0.10 0.190 1.23 0.00 
0.0 c.0 0.0 0.0 0.0 0.¢ 0.00 O.14 0477 0.02 2.75 
0.0 0.0¢ 0.0 0.0 6.0 0.¢ 0.0 0.00 0.08 0.03 0.09 


(FREQUENCIES WERE CCPBINED WHERE FROECTED VOLITES wERE S™ALL) 


TEST OF TRE NULL HYPCTMESTS Teal TeE Data FIT #CDEL O 


CHl=SCUSRPED VALUE (S58"PLE) « 29.98 
TREOPET ICAL CHI-SQUSPE VALUE AT THE S58 LEVEL = 48.60 
CEGPEES OF FREFON® « hy 


PROBABILITY TF & CHE-SQUARE VOLUE L*ORCER THEN 29.98 « 0.€6501882 
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STATISTICAL INFERENCE FROM BAND RECOVERY DATA 47 


Example 2.6d 


ESTIMATED COWAPTANCE OND CORRELATION COEFFICIENTS: Sd) = SURVIVAL SATE IX YEAR I 


Fet li = FIRST-VEAS® FEC VERY SATE IN YEAR I 
Filb = RECOWERY RATE IN YEaR I 


i C wart Fort. Fciss COwaRtFett). Sith COVAR(FOCTOLI, SEED) 
1963 ssesseceooes - 3. 3000066465 0.9039097265 
1966 -0.COOO01L04C -3. 000010816 0.000013715 
ses -0.CCOCOO4CS -G.000013502 0. 909999536 
i S66 -0.9C00004625 -9.000009306 0. 000008195 
1967 -0.0€0000458é -0.0000CS3955 0.000008739 
19¢8 -C.000390262 -0.9090008051 0.000009901 
19¢9 -0.000000454 -0.000008564 0.000007193 
! COPRIFSCLD SFC LOD CORRIFSCEA SEED) CORRCFOC ToL), SET) 
i%¢3 seesecoseess -0.032315183 0.0 

1566 ~0.024922511 -3.933973902 0.C377976e7 
1965 ~0.02¢6*2697 -0.0386520063 0.032760066 
1966 ~0.0289869464 ~3.943661333 9. 949757213 
19€7 ©.032412505 -0.037731105 0.036198790 
1568 -0.02°960376 -0.03367347C 0. 537511655 
19695 - 6. 33€123865 -0.04010456% 0.0370463767 
1 COVAPTFCLD,SCtDD COVAR(FCTOLI,STID) COVARES(T De Sthene) 
i9¢3 seceseesoeos -0.0001 29952 -0. 001351374 
1966 0.0CO1L9 3489 -0.000140638 0. 9046446976 
1965 « 900138656 -0.00007C580 -0.001530147 
1966 0.0C0068861 -0.000056157 -0.001979635 
1967 0. ICOL079465 -9.990985205 ~0.002740431 
1968 0.000082184 -0.000115634 -0.002163230 
1969 9.000100029 -9.000096181 sescoseseoss 
' CORRIFCTI. SEED) CORRIFC LOL), SCTD) CORRISTID,StTeLid 
1963 seesecooeses -0.207202347 -0. 282454375 
1964 0.20718625C 0.46 7688310 -0.674918050 
is65 0.4 766268653 ~0.206662257 3. 316151728 
1966 0.277969498 #0. 375125126 -0.43667S782 
1967 0. 347273144 0.4348 752469 -0.5056686 980 
i9¢8 0.4046537234 ~0.436277709 ~0. 498145567 
1969 0.4666 34624 0. 3401159468 seecesscoses 


(QUANTITIES SHOWN 45 S908808 ARE ACT ESTIMAPLE UNDER “ODEL 0) 
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Example 2.6e 


“CNFL 1 
seesenee 


ANALYSTS WATER THE ASSUPPTIONS OF TIME-SPFCIFIC SURVIVAL AND PECOVERY RATES 


{4 SYNTHESIS OF MODELS DEVELCPED BY SEPFR (1970. PIOMETRIKA) AND POBSON 24ND Y™'SS C1971. COSVELL BIOMETRICS 
UNIT PAPER 3653) 


SPECIFICALLY, THE PODEL STRUCTURE IS: 


Fil) StLpfi2) SCLISCZNF(3) SCLISCZOSCSIF (4) SCLISECZISCSIST SIFTS) 
Fi2) S$¢20F¢3) SCLZISCSIFI4) STZISCSISESIFES) 

Ft3) SU30Fts) SC3SCS0F CS) 

Fis) St41F 5) 


“ALE “ALL ARCS BANDED DURING THE WINTER TN ILLINOIS, 1963-70 


BANCING AND RECOVERY ENPUT DATA 


year NurREP PECOVERY MaTRix 

woos BOBEEG CC ep re eenran _ 

1963 2583 Si 69 24 if it il 8 7? 7 2 6 
1964 3C75 ie) 141 45 $2 50 i? 30 21 i¢ 7? 3 
isé5 11¢s ie) ie) 27 3! 21 a i9 7 $ 4 3 
1966 23418 0 0 0 1 Sé $2 44 50 “9 34 23 5 
1967 3109 0 Q i] 0 113 oe $7 65 41 23 10 
1968 2400 0 ie) 9 0 ie) 63 $2 59 “4 30 i2 
196$ 2601 0 0 i) 0 i) ) 91 60 se 37 25 
1970 «44433 © i?) G 0 ie) i?) i) 222 169 95 46 


INTE@MECTATE STATISTICS 


| ct Ritts Tet) wtit Gaeattii awvott 
1$63 \1.0 279.90 275.0 2£83.0 0.0 0.108C1 
19646 230.0 342.0 $70.0 3€75.0 0.0 0.12423 
1965 S6.C 129.90 465.0 1195.0 0.9 0.10795 
1966 257.0 453.0 82¢.0 3418.C 0.0 0.13253 
i967 252.0 377.0 946.0 3109.0 0.90 0.12161 
1968 211.0 260.0 914.0 2400.C 0.0 0.10833 
1565 3¢7.0 291.0 $$4.0 2401.¢ 0.0 0.111868 
1970 $10.0 $32.0 1219.0 4443.0 0.0 0.12001 
i971 $78.0 0.0 0.0 0.0 0.03721 0.0 
i972 221.0 0.9 0.0 0.0 0.02176 0.0 
1973 110.0 0.0 0.6 0.0 0.01083 0.0 
TOTALS 2703.0 22#095.9 
eqeupapeucecs BECOVERY BAIE... €432. 082.02 7771; nen RECOVERY BAJE. Bilal i /Niii_ 
i ESTIvaTE Stancaeo 958 CONFIDENCE “estiw StTaeyoaen ost CONF 1 OE NCE 
sceecese ~~-EBB08_. ~~-AHLEBVAL... guecesce ~~-68S98.. ~~-AMLERYAL... 
1963 3.573 0.33 ae6iz = *.2734 3.523 9.363 2.81? - 4.234 
1944 $.013 0.350 4.326 = 5.699 4.585 0.377 3.846 - 5.325 
1965 2.210 0.272 1.67@ « 2.744 2.259 9.439 1.417 = 3.102 
1966 4.124 0.280 3.576 - 4.67? 4,564 0.357 3.864 « 5.264 
1967 3. 7% 0.257 3.250 =~ 6.758 3.645 0.337 2.985 - 4.305 
i968 2.501 6.210 2.099 = 2.913 22625 0.376 1.985 « 3.265 
1969 3.455 0.252 2-962 - 3.%° 3.499 9.360 2.792 «- 4.205 
1970 $.021 0.265 4.501 - 5.541 5.008 0.328 4. 66 + 5.650 
ARITHMETIC EAN PECCVERY RATE (ERCE®T Year «tb « 3.581 
STANDARD ERROR OF THE PEAN RECOVERY RATE « 0.109 
95 CCAFIDENCE INTERVAL FOR MEAN PECOVERY RATE © 5.30 = 3.77 


TEST OF THE WELL MYPCTHESTS Teal TRE FIRST-YEAR COLPECT) RECOVERY RATES ARE CONSTANT Face YEAR: 
CHI=SCUSPED (SAPPLED «© 43.06 
THEDRETICAL CHI<S QUuaPE — AT THE S® LEVEL «= 14.10 
CEGPEFS OF FREEDOM « 


PROBABILITY OF & CHI~SQUARE VALUE LaeGER TRAN 43.09 « 0.000000 32 


“EST C3PY AVAWLABIE 
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Example 2.6f 


“WEL L =—- BNALYSIS UNDER TRE ASSUPPTICNS OF TIPE SPECIFIC SURVival AND FEC IVFaY @ates 





“ALF “QL 2805 FONDED OURING TRE «INTER IN TLLENTES, 1965-7) 
—oeew-seaeanaseenaee SLBwiWAL. S412 483. 2 
yrae Suv wtwar STancero COEFFICIENTS 952 CONFIDENCE 
———eone --£88¢8.. GE _wasialion ---ISILf¥eL_- 
1s6? $8.45 4.S7 4.5) 4@.72 - 68.15 
1566 *8@.17 +.$5 1¢.20 $4.55 - 41.#0 
ise* 64.6* 6.26 9.94 $2.38 = 6.53 
1S6¢ 4.50 *.18 #.92 64.74% - *5.06 
Se? 7.34 é.il 7.49 65.38 - *9.31 
1968 4.7% 6.13 *.25 2.24 - 66.26 
19es 64.33 4.#2 7.18 55.27 = 73.38 
ARITEPET IC SF aN SURWEWaL C8) «= e6.4? 
STANDAPH FeROCe CE Se TTHMETIC @F ON « 9.92 
SSE COMPTOENCE ENTE@VEL FOR SOL TRPETIC “Ean 67. 06- 76.68 
FAN LIF® S$PaN O25 ON ADULT « 2-6? 
STANTAPO FRere CF Tre “FON LIFE SPAN « c.10 
SSE CORFIDENCE INTER WAL OF LIFE SPan 2.*0 - 2.88 
veae nrrre RECOVERY PaTRix 
mee BOBDEC ae ee wneescees 
1963 2583 i. es. 24. i%. it. il. 8. Te 7. ze t. 
iges = =63crs OO. t46l. 45. $2. $0. i’. dU. Zi. it. . 3. 
196s «5 0. O- a7. si. 7i. e. i9. ?. Ss. *. . 
19ee 412 Ge a 0. 15%. 9?. .“. SO. *?. 4. 2%. Se 
i967 100 Cc. 0. 0.  %us e?. ‘?. 65. 41. 23. 10. 
1se8 2400 0. 0. 3. ve a. e}. S26 59. “4. 50. i2. 
i9e9 26ci 0. ct. o. 0. 0. c. Si. 80. *@. ’. 256 
is?O 446*3 Cc. 0. 9. Je 0. 3. de 2226 16%. $5. 4¢. 
SATRIK OF EXPECTED VALUES —= O55: 77186 TEPE~SPECTEIC SURVIVAL OND @ECI VERY Bates moor oa 
91.0 75.9 23.0 27.7 85.0 6.8 iC.t 9.4 7. 4.1 2.0 
969 156.0 6666 S668 3865 1565 2065 1962 146? *.3 *.1 
0.9 O60 266% 8149 21468 $1.63 1145 19.9 #.1 4.’ 2.3 
3.9 c.0 0.0 140.9 96.38 4£.8 Shed 48.3 3566 2068 10.3 
0.0 0.9 0.0 9.9 116.8 60.2 61.9 $8.0 63469 2561 1245 
0.9 5.56 9.9 9.9 520 O6C.9 61.9 S768 42.49 28.4 12.5 
0.0 0.0 0.0 9.0 0.0 0.0 89.9 86.8 62.4 3665 186.1 
9.9 0.9 9.9 9 3.9 0.9 269 22266 165.2 S664 68.9 


OTR TE OF CHT$SQUARE VOLES <= ASSURING TIPE-SPECTFIC SURVIVAL OND SEC WEAY eaTes trot 0) 


0.00 2.28 0.95 3.43 0.66 ©.415 O.443 ©0463 GO.00 A.C? 7.71 
5.0 1612 0606 Os 9% 8668 O443 4649 O64? O1672 Oe2t OL 
6.0 o.f 9.CE 0493 GO.03 O.95 4.78 66598 Ott Ont 6.18 
0.0 0.9 9.9 to6h 8649 94668 2693 9602 O66? Oe2?3 2.78 
0.0 o.c€ 0.0 9.9 9.10 8.07 0.599 0.85 9.09 C.i# 0.50 
0.9 6.0 9.9 3.) 9.0 de15 165% 0492 94038 O657 8.02 
6.0 cee e.c¢ c.9 0.0 0.0 0.081 O4.20 %%F3L O.01 2.59 
0.¢ o.€ 0.0 0.9 0.0 0.0 C.9 0.90 3.17 0.07 0.0F 


TEST OF THE NULL MVPCTHEFSIS Treat Tet Cafe FIT #TORL L == ALSUMING TIF SPECTERC SuP¥iVval aWO SFC °VERY Bates 


CHi=SCuUPPED VALUE TC SAPPLED « os.ue 


THEQPETICOR CHT=SOUL GPE VALUE AT Trt SE LEVEL = $8.12 
DEGRFES OF FREFOT® « 42 
PROPABILITY OF 2 CHE SCURRE VALUE LORGER TREN «e.i8 « 0.2077$267 


REST G&7Y AVALADIE 
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Example 2.6g 


ESTIMATED COVARIANCE AND CORPELATICN COEFFICIENTS: StI} = SURVIVAL RATE IN VEAR I 
Fill = RECOVERY RATE IN VYEaR I 


i COVSRESTEDSFCEDD COVARIF CLI, Fi tele) COVAR(SC LOL), FECTED 
1963 -0.00C007973 0.0 9.9 
1964 0.COCC18392 0.0 0.9 
1965 0.000068#330 0.0 0 
1966 0.000021752 0.0 0.0 
1S67? 0.00COS€S5S5 0.0 0.0 
1se6f 0.00C0433¢e7 0.9 9.0 
1969 0.00C045476 6.0 0.9 


1563 
1564 
i965 
1566 
1967 
1968 
196s 


CORPIAVE SUPVIVAL, AVE BECOWERY RATED © ~0.5264 
COVORTAVE SURVIVAL, AVE PECOVERY HATED = ~0.COOCOS299 


(THE ABOVE COVARIANCE OND CORPELATICN COEFFICIENTS ARE ESTIMATES OF THE 


VORTANCES “F SOME PARAPETER ESTIMATORS ARE PEL ATEDD 


COWRRESTED EC EeLOD 


-0.000067177 
-0.000104167 
-0. 000051055 
-0.00C0¢5506 
-0. 000066335 
-0.000076 303 
-C.00905 3424 


COPPESCLDSFETOD 


-0.044236175 
0.07£5271097 
0.40C€5928 34 
0. 150087411 
0.23¢262*¢8 
0. 734466272596 
0-391270001 


"FST SaPY AVAMLABIE 


-0.000948583 
0.00294 7986 
~3.0009466456 
-0.001383923 
-3.0019€5232 
-0.001446076¢ 
Seececeesese 


COVORESE LE, StTeLde 


CORRISTLTD,StTeni? 


~0.274685410 
-9.677388957 
0. 291568938 
-0.43 7200493 
-0. 525338898 
-0.5090925866 
seeeeeeeeeee 


(?) 
0 
9) 
0.0 
e) 
0.9 
3 


3 
9 


CORMESTLD SFC LOLOD 


-0. 385871366 
-0.5501507% 
-0.291697127 
-0.4919956862 
-9.516513313 
-0.597854665 
teveeseeeces 


DEGREE TO WHICH Trt SAMPLING 
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Example 2.6h 


S0DEt 2 
seeeesee 


ANALYSTS S5SU"9NG CONSTANT SuP wl val BUT TIPE-SPECTIFIC SECOWERY Bates 


THIS @ODFL &OS DEVELOPED BY DFS. SRCUNTE ONC SCESTN OT THE COPWELL BICHETONCS wwit. 


SPECIFICALLY, THE SODEL STRUCTURE IS: 


Fcis sft2) s#a3 SSF ies SSSase 
*t2) sas Ste Soares 

fise wrest Sots 

Fie) wisi 


MOLE #411 6805 FONDED CURING Trt GINTER IN TLLEATES,. 1963-79 





vest wsurere PPC oWERY @aTRix 

~--. SABRDEL oo 

ise3 062563 $1 es 26 ie it il e ? ? ? + 
194s 3075 (+) isi «5 $2 $c i” 3o 2i ie ? ’ 
ises 1155 6 fs) 27 1 71 ‘ is ? . « 3 
isee 3418 0 3 i) ise 92 46 so «9 Ln) 25 s 
ise? 3100 0 is) i) c 113 ee $s? os +! 73 io 
isee 2409 i) fe) 3 6 fs) 65 $2 $9 “ss +) iz 
is6e 8 26Ci Q [+] c c © 0 % 60 $6 %” 25 
1970 4433 © © ° Cc 0 is} Be) 222 iss ‘5 “6 


eS TE 
1 EST imate StTawoa eo $58 CONFIDENCE 
a ~--£8202_. ~~~4SRLEPEAL. .. 
i 3.475 0.360 2.7e9 = 4.180 
2 4.685 0.3C4 +. 0e¢ = $.278¢ 
5 2.064 @.211 i-6%0 - 2.478 
+ 3. 666 0.242 5.381 + 4.0 
s 3.769 0.224 5.321 - 4.198 
6 2.677 0.18 2.306 - 5.068 
’ 3.752 0.225 5.311 = 4.194 
a $.003 0.235 4.543 « 5.463 
APLTHMETIC MEAN SECO WVERY BATE «= 3.66 
STANDAPO EPROR OF SEAN PECOVERY @aTE « 0.10 
95ST CONFIDENCE INTERVAL FOR PEAN PECOVERY PATE « 5.45 = 3.67 


CONSTANT SURVIVAL RATE (8) & 70.44 
STANDARD FRRDF OF TRE CONSTANT SuURVIVaL BATE «= 9.85 
952 CONFIDENCE INTERVAL FOR TRE CONSTANT SuPVivel Beate 68.77 - 72.10 


“EON LIFE SPON 25 OW ADULT «© 2.05 
STaNDaeD FeO OF TRE PEON LIFE Shan «© 0.10 
95S CONFIDENCE INTERVAL OF LIFE Shan 2.67 - 3.96 


REST COPY AVAILABIE 
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vateizs re 


SATOTE OF CHT SQUBEF WEL UE S——8550"TRG &2 COKSTART SURVIVAL BATE OND TIPE-SPECTFIC RECOWERY Bate 


TEST OF THE 


“* #*# © @ @ & 
Seo voceoes 


ceescondc « 


0.0 
5.9% 
0.0 
6.0 
0.0 
0.0 
6.6 
0.0 


WALL HYPOTRESTS Treat THE Data FIT THE SODEL ASSUPING & CONSTANT SUFVIVAL OND TIME-SPECIFIC ®FC°VERY @aTEsS 
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es.?2 
144.1 
C.0 
6.06 
©.0 
6.3 
c.o 
0.0 


C.? 
0.1 
0.9 
6.9 
6.0 
0.0 
c.0 
0.0 


7¢.* “.S 
*4.7 59.0 
24.7 %32.% 
0.0 132.1 
0.0 9.9 
0.9 3 


5. 
0.0 9.0 
0.0 9.0 


0.2 8.7 
0.9 5.f 
0.2 0.1 
0.0 +.3 
0.0 6.0 
6.0 0.0 
0.0 0.0 
0.0 9.0 


Cri-SCUGPE VOLUE (5 OPPLED «© 
THETCETIC AL CHI<-SCUSPE VALUE AT THE 
CEGPEES TF FRFEDDY « “8 


Example 2.6i 


9 17.0 
+ 20.3 
S648? 
Ss 4*.,4 
6 $#.5 
0 64.3 
0 c.0 
0 c.0 


e c.1 
5 c.$ 
i c.9 
ve) C.o 
i 1.6 
te) c.0 
0 c.€ 
ie) cc 


St Ltve 


PROBSRIL ITY TF & CHI-SCUBPE VALUE LORGTe Tran 


ESTIMATES COwWART ANTE 


FEPECTED VOLUFS —— S55 0"ING &2 CONSTANT SuRViwaL 


11.8 
20.0 
11.0 
-+.8 
$7.7 


ii.t 
i8.6 
10.4 
*2.1 
o*+.2 
63.4 $5.6 
$’.6 91.7 
3.3 221.8 


1.2 ied 
$.9 0.3 
5.7 het 
3.6 et 
c.0 2-2 
201 0.0 
0.4 i.5 
0.0 0.0 


t-*. 65.16 


61.18 ba 


OND COPPELATICN COEFFICIENTS: 


Crwarifatie St 


& tteeartiows 


NEST COPY AVAWABIE 


6.000000107 
0. 000000437 
C.00000C437 
6.00900075: 
©. 000000864 
0.009003742 
©. 000001118 
6. 300001174 


Corer iti. ss 


0. 009590297 
0.066524153 
0.0668682480 
0.100368263 
O.121949214 
0.126839016 
©. 1606186519 
0. 161906535 


RATE OND TIPE-SPECIFIC SECIWERY @ates 


#.2 
13.9 
7.7 
31.2 
40.2 
44.2 
67.9 
164.4 


C.2 
6.3 
0.2 
0.3 
o.c 
6.0 
1.5 
0.1 


4.8 
&.! 
*.5 
1t.2 
23.5 
2*.8 
56.7 
$é.i 


0.0SS593Ce 


COVARTFCLD FC TOLD 


S$. 
0.3 
0.3 
1.8 
9.2 
Pe | 
1.4 
Pe | 


0. cCooo000717 


0. 9000903 36 
0.0000005 95 
0. 9900011 74 


iwPrweL 2) 


(WEL 21 


COPRIF CLD FC Lead) 


-0.019811429 
~0.007625467 
0.0164992646 
0.034633406 
0.052715433 
0.0782548629 
0.112509907 
3.161906535 
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Example 2.6) 


“TOE. 3 
seceeeee 


AWALYSIS ASSUMING CONSTANT SURVIVAL ONT RECT VERY RATES 
(8 GENERA IZATION OD EXTEASION DF THE MODELS DEVELOPED BY CHAPMAN AND RORSTN (1960. BIOMETRICS) avd 
MOLOANE (1955. PRENC. AL INT. TRN. CONGR.) — SEE BOTTOM OF PAGE 245 OF PCTe PY SEBERD) 


SPECIFICALLY, THE PTCEL ST@UCTURE IS: 


fF SF SSF SSSF SSSSF 
fF SF SSF SSSF 

F SF SSF 

‘ sf 


PALE MALLARDS PONDED DUPING TRE WINTER IN TLL ENDS, 19¢% 70 








vear NuYPER RECTVERY Mateinx 
owew SUS —s—‘“‘(‘(‘(‘(‘(‘“‘é«t*C Ce eR _ 
1963 2*f% €1 es 24 it 16 ii 8 7 7 2 6 
1966 3C75 0 141 45 52 $c 17 30 21 ié ’ 3 
i965 L165 c ie) 27 31 21 6 19 7 S + 3 
1966 3418 9 i?) 0 ise 92 “4 50 «s 36 23 5 
1$67 31CO0 0 ) i) ie} 113 oe $7 os | 23 io 
1968 2400 ie) 0 Q c ie) ¢3 $2 $9 “6 39 12 
seo 2€CI 0 0 ie} Cc te) i) 91 60 se 7 25 
i970 44433 Cc 0 © € te) 0 9 222 16s % F 
INTEOMECTATE STATISTICS 
“= 22e0°. Ts. 2703. C* 4664. 
Parameter FSTIMaATE (£) STM. ERR, 18) CORF. WaPTat, (8) S5t COWFIDENCE INTE@V aL 
SULavVival eare ts) 70.91 0.74 1.04 9.67 —- 72.35 
eecovery Rate tf) 3.fS 0.10 2.% 5.69 ee *.8 


-———* oe = 7-2 eee 








COPRELATIONGS.F) © =. 70374912 


“EON LIFE SPAN aS OW OTULT «= 2.%1 
STANDAPO ERROR TF PEON LIFE SPaN «= 9.09 
952 COKAFIDENCE INTERVAL OF LEFE SP aN 2.75 - 3.09 


MAVRIX OF FRPECTED VALUFS <= ASSUPING CONSTONT SURVIVAL AND RECOVERY Rates (=ONEL 3) 


10C.4 Vie? SC.S 3568 2564 18.0 82-68 9.1 6.4 4.6 3.2 
0.0 119.5 64.8 60.1 42.6 30.2 2164 18.2 19.8 et 5.4 
6.0 0.0 46€.5 32469 2366 1666 Lie? 8.3 5.9 4.2 3.0 
°.0 0.0 O.0 13269 9462 66.8 4744 B3e6 23.8 1665 12.€ 
3.0 0.6 0.90 0.0 120.5 65.5 6€.6 43.0 380.5 216€ 15.3 
0.0 0.0 c.0 0.0 0-0 93.3 6€.2 46.69 33.3 23.6 16.7 
6.0 0.0 6.0 0.0 0.0 0.0 191.8 Tis? S068 36.1 75.6 
0.0 0.0 c.0 0.0 0.0 0.0 0.0 172.3 122.2 86.7 61.5 


MATO@IX OF CHE-SQUARE VALUES == ASSUPING CONSTANT SURVIVAL AND RECOVERY PATES (=OOEL 3) 


0.868 4.464 13.90 6.805 3.47 2.72 14786 0.467 GO.605 1443 2.38 1.457 
0.0 3.865 16.66 1.09 1.428 5.79 3442 2621 2653 O.05 1.086 0.09 
9.) 0.0 B15 Gelb O426 4643 4.6468 O42) 14662 O401 0490 0.51 
0.9 6.0 0.0 4.02 0.05 7.79 O.1% 7.06 4.35 2.21 4.07 0.27 
0.0 9.0 6.0 0.0 0.47 3.457 Oo21 11.29 3.66 G.09 1.95 0.06 
0.0 0.0 0.0 0.0 0.0 9.804 3.03 3.1 3446 1.476 1.634 9.19 
0.0 0.0 0.0 0.9 0.0 6.0 1.08 0.96 8.01 9.92 G.91 0.01 
9.0 0.0 0.0 0.€ 0.€ 0.0 0.0 14.31 17-91 0.80 3.98 2.00 


TEST OF THE NULL HYPCTHESIS Teal THE DATA FIT THE SODEL ASSUMMING CONSTANT SURVIVAL AND RECOVERY RaTES 
CHI-SCUSPE VALUE (SOPPLED « 217.43 


THEORETICAL CHI=SQUARE VALUE AT THE ST LEVEL «= 76.78 
CEGFEES OF FREEODY « se 


PROBABILITY OF & CHI-SQUARE VALUE L@PGER THON 217.63 © 0.0 


® TTEeATIONS 


REST CEPY AVAILACI 
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Example 2.6k 


TESTS OF WARICUS PODELS AND ASSUPPTICAS 
(2% EACH CASE THE NULL HYPOTHESIS SEING TESTED IS THAT THE SIMPLEST @NDEL,. THE OWE WITH THE FEWEST PaReMETERS, 


TEST OF THE SODEL SSSUFING CONSTANT SURVIVAL OND RECOVERY S4TES SC8INST THE “ODEL 
ASSUMING TIPE<-SPECIFIC SURVIVAL OND RECOVERY #aTES 


CFS WS FULD eeeee Fie) GND SELD ee coeSi M1) MODEL) = MODEL 3 WS. PODEL I 
CHI-SQUSPEC VALUE « 160.1¢ 
THEORETICAL CHI-SOUSPE VALUE 41 THE SB LEVEL «= 26.30 


DEGREES CF FREEDOF «= ie 
PRDESEIL ITY OF & CHI-SQUARE VALUE LORGER Tran 180.10 «= 0.0 


TEST OF THE SODEL ASSUPING CONSTANT SURVIVAL ANC RECOWERY RATES AGAINST THE =ODEL 
ASSUPING CONSTANT SURVIVAL BUT TIFPE-SPECIFIC RECOVERY @aTES 


1F.s vs ASE rreTiLaALsre. “OOEL) oe PODEL 5 vs. MUDEL 2 
CHI-SOQUSREC VALUE © 164.19 
THEORETICAL Cehi-SQUAPE VALUE AT TRE SE LEVEL « 18.30 


OEGPEES CF FREEOUF « 10 
PRNBABIL ITY OF & CHI-SCUBPE VALUE LORGER THON 164.19 «© 0.0 


TEST OF THE MODEL ASSUPING CORSTONT SURVIVAL BUT TIFE<SPECIFIC RECOVERY BATES AGAINST THE MODEL 
ASSUPING TIME<SPECTIFIC SURVIVAL OND PECOVERY BATES 


CEE D eee ee FIRS WS FULD eee ee FE Rd AND SELD ee uae SRL) MODEL) - PODEL 2 VS. MODEL I 
CeI-SQOUSPED VALUE «= 15.91 

THEORETICAL CHi~SQUSPE VALUE 47 THE ST LEVEL «© 12.60 

DEGEEES CF FREEODR = t 


PROBAPIL ITY OF & CHI~SCUAPE VALUE LORGER Tran i5.91 * 0.01425950 


BEST C@PY AVAWLABIE 








FITS THE Oatas 
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this information must be eliminated. (2) Examine the tests between specific models (the test of Model 1 vs. Model 0 
on page 3 or 4 of the computer output and the three tests on the final page of the output). Interpretation of these 
test statistics will usually eliminate Model 3 and sometimes Model 2. (3) Examine the goodness of fit tests for the 
remaining models. Select the simplest model that fits the data (based on tests between models and the goodness 
of fit vests for a particular model). (4) Use the estimates of parameters under the model suggested from steps 2 
and 3, above. 

Adult males and adult females usually have different recovery and survival rates and should, therefore, be 
analyzed separately. A statistical test of this difference is available as an optior in program BROWNIE and is dis- 
cussed in Section 5.1. If this test is made and we find that males and females have similar parameters, the banding 
and recovery data should be combined for the final analysis. We have seen several sets of data on geese where adult 
males and e¢::!* females appear to have similar survival and recovery rates. 

General! — < survival rate relates to the period between bandings (not to the period between hunting seasons). 
An example for migratory waterfow! follows: 





Bendi tod of banding —— a 
Winter 1 February 1 February-31 January 
Molting 20 July 20 July-19 July 
Prehunting season 1 September 1 September-31 August 


The theory underlying Models 0 and 1 allows these periods to be of unequal! length; however, the computer program 
assumes the periods to be of equal length (days, months, years, groups of years, whatever, as long as the intervals 
between banding are equal in length). Many entomological studies are conducted on a daily or weekly basis, 
whereas most ornithological studies are conducted on an annual basis. Banding of Canada geese (Branta can- 
adensis) in several western States has been done every third year. A series of such bandings can be analyzed to 
estimate 3-year survival rates. Average annual survival rates can be estimated by taking the cube root of these 
3-year rates. 

Occasionally we observe an estimated survival rate greater than 100%. This condition is usually associated with 
poor data, or in more adequate data sets where oniy a few birds were banded in a particular year. It can also happen 
in long-lived species where the annual survival rate is normaily high. In either case these estimates have very 
large sampling variances and indicate that the estimate is a very poor one. 

Many early methods for estimating parameters from banding data dealt with mortality rather than survival 
rates. Estimates can, of course, be easily compared because mortality rate is merely the complement of survival 
rate, M=1-S. We might also mention that the variance of the mortality rate estimate equals the variance of the 
survival rate estimate, var(M) = var(S). 

The examples we have used in this chapter to illustrate various models and points have tended to be based on 
good sets of data. Studies where only a few birds are banded each year, for instance less than 300, generally repre- 
sent wasted effort. The estimates from such data are poor, the variances are very large, the power of the various 
tests are low, and computer problems often arise. Not only the numbers banded have to be considered, but also 
the recovery rate, { Species having a recovery rate of 1% or less (e.g., blue-winged teal (Anas discors), several 
blackbirds, and American woodcock (Philohela minor) require very large banded samples (2,000 to 3,000 per year) 
before the information is useful in estimating population parameters. This subject is discussed in more detail 
in Chapter 9. 

We discussed the subject of statistical bias in the ML estimators of some parameters with reluctance. This is a 
minor point and should be viewed with this perspective. If the unadjusted ML estimators are used, the statistical 
bias is usually in the 1-4% range. However, the standard error of the estimate is often an order of magnitude 
larger. The bias becomes important only with very poor data sets and here the estimates themselves are poor and 
sampling variance is large. Bias-adjusted estimators are used by the FORTRAN program ESTIMATE. 


REST CaPY AVAWAGIE 
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Chapter 3. Models for Birds Banded as Young and Adults 


3.1 Introduction 


It has often been observed in banding studies that young birds have different survival rates from adults and 
are more vulnerable to hunters. Thus, the assumption in Chapter 2 that survival and hunting mortality rates are 
age-independent limits application of the models of Chapter 2 to recoveries from birds banded as adults only. Fre- 
quently when banaing programs are carried out, both young and adult birds are banded at the same time, and 
band recoveries are recorded for both age groups. This chapter presents methods for utilizing the records from 
birds banded as adults and as young to obtain estimates of both adult and first-year survival and recovery rates, 
and to make tests concerning the age-dependence of these rates. 


The Experimental Situation 


This situation is basically the same as that of Chapter 2, except that each batch of banded individuals released 
includes a known number of young birds in addition to the known number of adults. It is important that both young 
and adults are banded each year or parameters of interest will not be estimable. In particular, banding programs 
where only young are banded are virtually useless because survival rates of young are not estimable (see Section 
3.9). Records of the numbers of birds banded and of the annual band recoveries are kept separately for the two 
groups of birds. As with the situation discussed in Chapter 2, banding is carried out each year at about the same 
time for a number of years, and annual recoveri~s are recorded for each of these years, and possibly for several 
additional years. Again a “year” of the experiment or banding study is the period between successive bandings, 
or between anniversaries of the last banding date. 


Notation and Definitions 


number of years at the start of which a release of banded birds is made 
/ = number of years during which annual band recoveries are recorded, ; > &. 
and we sometimes write / = & + s, where s = the number of years 
when no release is made but recoveries are recorded, s > 0 
= number of adults banded in year i,i=1,... 4 
number of young birds banded in yeari,i=1,....4 
= number of bands recovered in year j from the adults released in 
yeari,i=1,... A j=i,...,/ 
number of bands recovered in year / from the young birds released 
in yeari,i~1,...A&jet,...¥ 


The data are presented in the form of two tables, the first for recoveries from birds banded as adults and the 
second for recoveries from birds banded as young. This is illustrated in terms of N,, M,, 2,,, Q, for a banding study 
with & = 3, <5, s= 2, in Table 3.1 below. Summary totals which are used in the calculation of estimators and tests 
are indicated in the table and defined below. 


> 


== 


~ 


2 = 


REST Ce?Y AVAILABIE 
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Table 3.1. Symbolic representation of the data for a banding study with k =3, / =5, (s =2), 
when both young and adult birds are banded and released each year. 























Year of recovery 
Year ie — — — Row 
banded banded fF 2 3 4 ‘=5 —_ twohals 
Birds banded as adults 
t i 1 
™ i a i ‘oi i ada 
2 N, 7 i Res | Res Ros Rm 5 mm 
k=3 N oT "Ree Ry | Rut OR 
, T= -———— te Ce . 
Column totals R, R; R, R, R.=T, 
Birds banded as young 7 
' ' ' ' ' ' 
ee eC 
M, ue Qe | Qos 1 Qn | Q 
poo wooorospocecococo= proces qoro-4 
ate ute. ui™_ 1G _ 5 
Column totals Q, Q. Q, Q. Q@.-U, 


The array R, is called the recovery matrix for adults and the array Q,, is called the recovery matrix for young. 
Row totals, column totals, and certain block totals of these arrays are used in summarizing the data, 
as indicated in Table 3.1. Thus 


R, =i” row total of the recovery matrix for adults, or equivalently the total number of 
recoveries from the adults banded in year i,i=1,... ,&, 


Q, =<” row total of the recovery matrix for adults, or equivalently the total number of 
recoveries from the young banded in year i,i=1,...,4, 


R, = # column total of the recovery matrix for adults,i=1,...,/, 
Q, =i column total of the recovery matrix for young, i= 1,...,/, 


T, = R, 

f= cet .~R, 1 ,(=2,...2 

a i i-R, ' imkhel,... J iff >k 
U, =Q, 

U Q +U, i~Q, i ,i=2,... 

Wi Ques jekel,... Jif >k. 


Other useful subtotals which involve elements from both of the recovery matrices are 
W, = R, +Q,— Qy = the total number of recoveries from adults in year i (including recoveries from 
adult survivors of young banded before year i),i=1,...,4, 


T, +U,-Q, = the total number of recoveries in years i to / inclusive from all banded adults 
alive at the start of year i (whether banded as adults or as young), 
é=1,...,h. 


Real data for this situation are presented in Table 3.2. 
REST COPY AVAILACIE 
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Table 3.2. Data from a banding study of young and adult male mallards banded preseason 
in the San Luis Valley, Colorado, 1963-1971 (k =/ =9,s =0) , 


Year of recovery 


banded banded 1963 1964 1965 1966 1967 1968 1969 1970 1971 


Banded as Adults 
1963 231 10 13 6 1 1 3 1 2 0 
1464 £49 58 21 16 15 13 o 1 i 
1965 BAS 54 39 23 i8 11 10 6 
1966 590 44 21 22 4 a 3 
1967 943 55 3y 23 il 12 
1968 1077 66 46 29 18 
1964 1,250 101 59 30 
1970 938 97 22 
1971 312 21 
Banded as Young 
1963 462 83 35 18 16 6 . 5 3 1 
1964 702 103 21 13 11 . 6 6 0 
1965 1,132 R2 6 26 24 15 18 4 
966 1,201 153 39 22 21 16 . 
1967 1,199 109 38 31 15 1 
1968 1,155 113 64 29 22 
1969 1,131 124 45 22 
1970 906 95 25 
1971 353 38 
Subtotals 

i k K Q Q, T. U Wo 7T4+U-@ 

1 37 10 175 83 37 175 10 37 

2 131 71 16s 138 158 260 106 250 

3 161 81 205 121 248 327 120 370 

4 108 100 259 218 275 465 165 481 

5 140 115 104 191 315 441 197 562 

6 159 161 228 213 359 478 261 hu4 

7 190 197 191 26h 3K 456 339 653 

8 119 218 120 227 310 310 350 500 

4 21 113 3a 121 113 121 by 14 

Parameters and Assumptions 


The parameters and models for the experimental situation of this chapter and that of Chapter 2 are analogous 
in many ways. Thus, for the reasons given in Chapter 2, the actual harvest rate H and the reporting rate \ are not 
separately estimable, but their product HA is estimable, and the models are therefore defined in terms of S, the 
annual survival rate, and f= H,, the annual recovery rate. Subscripts on f and S are used to denote year-specificity 
(i.e., dependence on a particular year), and superscripts (usually primes) on f and S denote age-dependence, or for 
f, superscripts may indicate a possible dependence of the reporting rate on the year of banding. 

As in Chapter 2, assumptions about the specificity of the annual rate parameters can be made progressively 
more general giving rise to a series of models of increasing complexity. In this chapter, assumptions based on bio- 
logical and ecological information are made about the parameters H,, and S. However, as H and A are not sep- 
arately identifiable (estimable), these assumptions must be translated in terms of the parameters / and S into an 
appropriate mode! structure. Usually there is not a one-to-one relationship between the model based on the param. 
eters f and S and the original assumptions about H,,, and S. Because of this a set of assumptions about H, A, and S 
is referred to as a hypothesis and denoted H,, e.g., H,, and the derived model is referred to as the model under 
the hypothesis; the model under H,, or sometimes, the H, model. This terminology, which is also used in Chapte: 
4, has not been made to conform exactly to that of Chapter 2 as it has been used consistently in material of this 
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chapter and the next (cf. Brownie and Robson 1976) and appears in the documentation of related computer output. 
Specific assumptions, and precise definition of parameters, are described separately for each model in Sectious 
3.2 to 3.6. 

The assumption that banded birds in the population suffer independent fates, on which the development of 
sampling variance and testing procedures is based, is questionable for species such as geese where young and 
adults tend to maintain distinct family. units for at least part of the frst year. 


3.2 The Modei Under H, 


As in Chapter 2, we begin with one of the most useful models for this situation, which we call the model under //; 
The assumptions of H, are: 
(1) Annual survival, reporting and harvest rates (hence recovery rates) are year-specific; 
(2) annual survival and harvest rates are age-dependent for the first year of life only (i.e., young and adult 
birds have different survival and harvest rates); and 
(3) reporting rates are not dependent on time of release. 
In terms of f and S these assumptions lead to defining the followin, parameters: 


f' =recovery rate in year i for birds banded and released as young in year i, 
i=l,.... 
S/ = survival rate for year : for birds banded and released as young in year i, 
i=1,...k-1lif/=k,and1,...kif/>k 
f, = recovery rate for adults in year i,i=1,...,/ 
S, = survival rate for adults in year i,i=1,...,/ —1. 


Tables of expected band recoveries in terms of N,, M,,f,, f”,S, and S; are used to express the structure of this model. 
For banded adults, the assumptions of H, are the same as those of Model 1 in Chapter 2, so expected recoveries 
from birds banded as adults ‘ \ terms of N,, f, S, are the same under H, anc Model 1 (see Table 2.3). For birds banded 
as young, if M, are released in the first year, on the average we would expect M,/’ bands to be recovered that year, 
and M,S; of the cohort to survive to adulthood. At the start of the second year M, young are banded and released, 
and there are M,S; survivors (now adults) from the first batch released. Thus, in the second year the expected 
number of band recoveries from the M, new releases is M,/f?, and the expected number of survivors M.S;. Also in 
the second year the M,S; survivors of the first batch will reflect the adult rates f, and S, giving on the average 
M.S; f, recoveries and M,S;S, survivors. Continuing to the third year when M, new young are released, we would 
expect M,S/S.f, recoveries from the first batch released, M,S;f, from the second batch, and Mf; from the new 
releases. In this way we arrive at the entries in Table 3.3. 


Table 3.3 Expected numbers of band recoveries under H, for a banding study 
with k =3,/=5,s=2. 


Year of recovery 
Year Number — — — — 
banded banded 1 2 _3 .§.£=£f¢ jv § 
Birds banded and released as adults 
1 N, Ni fi N Sift N.S, Sf, N,S,S.Ssf, N,S,8,S,S.f, 
2 N, Nf, N.Sf, N.S,S,f, N,S,S,S.f, 
3 N, Nf N, Saf, N,S,S,f, 


Birds banded and released as young 


l M, Mf; M, Sif; M,S)S.f, M,S\S.Sof, M,S(S,S8,S,f; 
2 M. M.f; M.S:f, M.SiSof, M.S:S,S.f, 
3 M. Mf; MSs, M.SSuf, 


From Table 3.3 we see that observations corresponding to the off-diagonal elements of the recovery matrix for 
young (i.e., values of Q, for j >i) will provide information about the adult rate parameters, and any efficient 
estimation procedure should exploit this fact. We note also that if / >k, the parameters S,,...S, 1, Si, fi. ee 


are not separately estimable, though products such as S;/fi . ,, Sifi . 1, etc., are estimable. 
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Estimation of Parameters 
ML estimators of adult and young recovery rates are 











bNTULe 
r= J=1,..., k 
The data in Table 3.2 give, for example, 
h=¥, TUHe ~gerxg7 ~ 0.0433 
f=Se = = 0.0863 
bN TeU.=@s ~ GAO 250 ~ 0.0856 
p= Se = 0.1467. 








SN TeU-@ Rl fale dmt 

5). a i=1,...k-1 
Data in Table 3.2 give 

ge B FUG Mi Med Sst ary 


Tie FORTRAN program BROWNIE prints the estimates /,, /’, i= 1,...,4, and S,, S/,i=1,... 4-1, as illustrated in 
Example 3.1a. The unadjusted ML estimators S, and S’, of the adult and young survival rates are computed by the 
program but are not printed. They are used in the program to obtain the “matrices of expected values” (i.e., the 
matrices of ML estimates of the expected vaiues) and are defined below. 


R, T.+U,-Q -W.N.., 


S-N T+U-@ BR. Fok. Bak, 
s, G-QuNios = _ 
§/= MR. d=1,...,&-1. 


The data in Table 3.2 give, for example 
37 x (37 — 10) x 649 


Si = 931 x37 x 191 ~ 95791, 
6 
er 
i 


Note that these estimates differ only slightly from the bias-adjusted estimates. In general, for sample sizes for 
which the precision of estimators is good, the difference between S, and S, is negligible. 
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Additional Estimates if / >k 
As in Chapter 2, if / > &, annual rate parameters in years & to / are not separately identifiable, though certain 
products of these parameters are estimable, e.g., S;f, .:, SiS: . fi -2,... SiSe.i°--Se on fiw 


The corresponding ML estimators are 














——_ Re. + Qu Re T, + Ui —Q.. — Wi 7 
SS ho TM Tt @ ) Ith 
Sp. 7 bt — Qia Rao 1 + Qu ' 7 
Sife 1 = Tx 1+ Ug. s=2 
and, if s > 2, 
—_—-— — Qua Ra. (+ Qe. 5 
SiSy «°° Sk. j ho ge ee J =2,. =) 


For the data of Table 3.2, =: and s = 0, so the above estimators are not needed. 


Sampling Variances, Standard Errors, and Confidence Intervals 


Estimates of standard errors, and approximate 95% confidence intervals for f,, S,, f/, and S’ are contained in the 
output of the program BROWNIE (see Example 3.1a). The formulue used and some numerical illustrations, again 
from the data in Table 3.2, are given below. ; ; 

The notation is similar to that of Chapter 2, thus var//,) denotes an estimator of the sampling variance of /,, and 


se(f.) =Vvar(f) is the corresponding estimator of the standard error of f. 








We have 
var (fi) = (f)? e-uW-Tate| i ow 
var(S,) =(S,)2 NE. + oe ese ~w- Fuca i=1,...,k-1, 
var(f?) =f" (1-7 )/M,, i=1,...,k, 
vari) = (8 8| at No i=1,...,k-1. 





onfidence intervals are constructed as in Chapter 2. For example, for the parameter /,, the approximate 95% 
confidence interval is given by (f/, — 1.96 se(/\), { + 1.96 se(f,) ). This is illustrated for the data of Table 3.2 as follows: 


1 1 1 l l l 
Fen ~ 6497 106 Arn i= 0.00008446, 


, , 1 1 
var(f,) = (f,)? R, N,* W. 7.+U.-@. | = (0.0856) 





se(/.) = V0.00008446 = 0.0092, 
1.96 x se(f,) = (1.96) x (0.0092) = 0.0180, 
and the 95% confidence interval for /, is (0.0856 — 0.0180, 0.0856 + 0.0180) or (0.0676, 0.1036). Similarly, 


varS.)=(0.6359r/2.- 2, 2 1 7 1 


l 
131 649° 161 88c * 144 250] ~ 000970906, 





se(S.) = \ 0.00570906 = 0.0756, 
and 1.96 x se S,) = 0.1482, 
thus the 95% confidence interval for S, is (0.6359 — 0.1482, 0.6359 + 0.1482) or (0.4877, 0.7841). For /:, 


* (Q. )x(1—Q, ) 
verti = So sn 0.1467) _ 5 .00017832, 





and, 1.96 x se//?) = 0.0263, giving the 95% confidence interval for ff as (0.1467 - 0.0263, 0.1467 + 0.0263) or (0.1204, 
0.1730). 
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For S: 


l 1 1 ] 


y Cc) — ’ 2] — — ——_ + —_ _ — —_ = 
var’ S.) = (0.5064) 65 702° 161 &a5 0.00488298, 


se/S_) = \ 0.00488298 = 0.0699, 


and 1.96 se/S:) = 0.1370, giving the 95% confidence interval for S; as (0.5064 — 0.1370, 0.5064 + 0.1370) or 
(0.3694, 0.6434). 


These results can be compared with the computer output in Example 3.la. Smal! differences between the calcu- 
lations above and the computer output are due to the greater degree of accuracy of the latter. 


Sampling Covariances and Correlations 


Estimates of the sampling covariances between the estimators /, S,, /. and S; are also contained in the output of 
the program BROWNIE. Estimates are calculated only for those covariances which are not exactly or approxi- 
mately (for large N, and M,) equal to zero. Estimates of corresponding correlations are obtained with these covar- 
iance estimates and the variance estimates described above, and are printed out as shown in Example 3. 1b. 
Appropriate formulae and some numerical examples with the data of Table 3.2 are given below. 

Let cov//S,) be the estimator of the covariance between / and S, defined by 


7é,-fafi_?_ sos 2 : 
Covi =15.1R - NT 4+U,-@ 
An estimate of the correlation between the estimators f and §, is 


‘= cov! £S,) 
corr! f,S,) = ———, 
se/j,/se(S,) 


where se f.) and se/S,) are as defined above. Thus. 


cov f:,8.) pS: ie -¥ - Une, | = (0.0856) (0.6359) | oii = 549 ~ 350 =0.0001141, 


0.0001141 


70.0092) 0.0756)» °-1640. 


corr f.S.) = 
Estimites of other covariances and correlations are obtained in a similar way using the following: 


cov/S,S.. y=2-§8., le - | i=1,...,k-2, 


cov f, Si fh 8] | J@=1,....k-1, 


N,., 
cov S,,S) 88] Re -5-| j=1,...,.&-1 
i+ aViwnt 
cov f’ 8) aie j=1,...,k-1 
cov(S:S, . ,) -88,., [5 ~ 1 | j=1,...,k-2 
covihi..$1)=- Sih. | - i=1,...,e-1 





It is emphasized that the above computations provide estimates of the sampling correlations between estimators, 
that is, they reflect a relationship which is a property of the estimators themselves, and which cannot be interpreted 
as evidence of a relationship between the corresponding parameters. This subject is discussed in more detail in 
Section 8.4. 
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Goodness of Fit Test 


For the experimental sitwation of this chapter, we have so far defined a set of assumptions, a corresponding 
model, and the estimators of parameters of the model. For a given data set, the validity of the estimates obtained 
will thus depend on whether the assumptions of the model are satisfied. This question cannot usually be answered 
with complete certainty for a given data set but indications of the adequacy of the model are obtained by means of 
a goodness of fit test and by tests which compare this mode! with other models to be defined in Sections 3.3 
through 3.7. 

A goodness of fit test to H, is therefore computed by the program BROWNIE, though not in the conventional 
way described, for example, in Section 2.2. Under the assumption thai the H, model holds, the test statistic is 
approximately distributed as a chi-square variable, and as usual, “large” chi-square values (i.e., values associated 
with a small probability of occurrence) suggest the model may be incorrect. 

The FORTRAN program BROWNIE also provides a means for examining the agreement between the model and 
the data on the basis of individual observations (i.e., individual R,, or Q,, values), in the following manner. The ML 
estimate of the expected value under H, of each entry in the recovery matrices for adults and young is computed 
(in terms of the N., /. S, for adults, and the M., SLES. for young), giving two arrays (cf. Example 3.1c) which are 
labeled in the output "MATRIX OF EXPECTED VALUES — ADULTS” and “MATRIX OF EXPECTED VALUES — 
YOUNG.” Each observation in the recovery matrices is compared with the estimate of its expected value and the 
difference, suitably normalized, is approximately a standard normal variable under the assumption that the 
model holds. The resulting values are printed out in two matrices (one for adults, one for young) each labeled 
“MATRIX OF STANDARD NORMAL DEVIATES.” Inspection of these deviates on an individual basis will help 
to determine where departures from the model lie, as indicated by unusually small (for instance less than — 2), 
or unusually large (for instance, greater than + 2), values. 

This procedure is illustrated below from the data of Table 3.2. The following notation is needed: Let E,, represent 
the ML estimate of the expected value of R,,, and E;, represent the ML estimate of the expected value of Q,,; then 
the corresponding standard normal deviates are 


z.- = -E, 
\ N,' iN,- E) 
and 
Zu Bi _ 
\ tL (M,-E;,) 


From Table 3.2, the ij" entry in the recovery matrix for adults, with i= 1, and j= 2 is R,, = 13. From Table 3.3 
the expected value of R,, is N,S, f. and therefore E.. - - N\S\f, = (231) « (0.5791) (0.0856) = 11.45, giving 


Z,-—fe Be Sn gr 


Vw’ ©(N, - Ey) V ar (231 — 11.45) 
which is not an extreme value. 

The data value 13, the estimate of its expected value 11.45, and the corresponding normal deviate 0.47, are 
easily found in the respective matrices for adults, in the computer output of Example 3. Ic. 

Similarly, from Table 3.2, Q,, = 26, and based on Table 3.3, Ei, = MyS!S,y, = (1132) x (0.5936) = (0.8100) (0.0520) - 
28.30, and 


y ARs pp —— ; = ~ 6.44. 


28.30 
\ 28.30 (1132- 28.30) 


The difference in the above value of E\, and the corresponding value in the computer output of Example 3.1c is 
due to the greater accuracy of the computer calculations. Note that E, and E;, are ubtained with the unadjusted 
ML estimators S, and S’, rather than the bias- adjusted S, and 8! 
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Examination of the deviates in the matrices for adults and young in the output of Example 3.1c shows that 
there are a few extreme values but on the whole, the agreement between the model and the data seems good. 


An Example 


Output from the computer analysis of the mallard data of Table 3.2 appears in Example 3.1. The output is on 
the whole self-explanatory. For obvious reasons N, appears as Nil), M, as Mil), f, and f, as Fil), S, and S, as SiD), 
cov’ f,. S.) as COVARIFiDSiD ), corr(/,, S,) as CORR‘ Fil),Si1) ), and so on. In this example we note that in any year, 
the estimate of the recovery rate for young is higher than the estimate of the adult recovery rate, and the estimate 
of survival for young is /ower than the estimate of adult survival. ; 

The quantity F = 0.0668, which appears (Example 3.6a) below the column of estimates Fil) = /, is simply the 
average of the f. It is an estimate of the average adult recovery rate during 1963-71. Sim‘iarly F’ = 0.1049, 
S = 0.6248 and S’= 0.5179 are averages of the appropriate year-specific estimates, and are estimates of the 
corresponding average recovery and survival rates. Confidence intervals based on these average estimates are 
smaller than those based on individual (annual) estimates and S and S’, in particular, may provide useful infor- 
mation in data sets where N, and M. are not large. 

Examination of the matrices of standard normal deviates suggests that the agreement between model and data 
is reasonable. There are no really extreme entries in the matrices, and no obvious trends to suggest departure from 
the model. 

Tests related to the model under H, appear in another part of the output as can be seen in the complete output 
for the same data in Example 3.5 at the end of this chapter. 


3.3 The Model Under Hp». 


We now define another useful modei for the two-age-class situation. The assumptions on which this model is 
based are collectively referred to as the hypothesis H,,.. This hypothesis is more restrictive than H, in that survival 
rates are assumed to be constant from year to year, but is otherwise the same as H,. 

The assumptions of H,, are 

(1) Annual reporting and harvest rates (and hence recovery rates) are year-specific; 
(2) annual survival and harvest rates are age-dependent for the first year of life only; and 
(3) annual survival rates are otherwise constant from year to year. 

The parameters of the model H., are: 


{= recovery rate in year i for birds banded and released as young in yeari,: = 1,... 4. 
S'= constant annual survival rate for young, 

f= recovery rate for adults in yeari,i=1,...,°, 

S = constant annual survival rate for adults. 


As before, tables of expected numbers of band returns, in terms of N., Mf, /. S. and S’ are used to express the 
structure of this model. 
Table 3.4. Expected numt -rs of band recoveries under H,. for a banding study 
with k= 3,+ -5,8-0 


Year of recovery 


Year Number 
banded handed ] 2 3 4 5 

Birds t ded and released as adults 

1 N, Nf N, ¥ N,SS/f. N,SSS/, N.SSSS/ 

2 N - N.Sf, N.SSf, N.SSSS, 

3 N, Nu N.Sf, N.SS/, 
Birds banded and released as voung 

1 M, Mf MS's. M.S'S/, M.S SSf, M.S’SSS/ 

2 M Mj’ M.S? M.S'SS, M.S SS} 

3 M, My; M.S{, M.S Sf, 
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Example 3.la 


“ALE MALLARDS FAWDEL PRESEASON IW THE SOW LLIS WALLEY, COLORSO0 


TeE HYOO THESIS m1. (SEE BRCUNTE OND ROBSON, 1974. CORWELL SIOMETRICS UNIT PAPER WD. BU-S14-—«) 





ASSUMPTIONS: (1) ANNUAL SUPWEWEL 24D RECOVER) RATES APE WEAR SPECIFIC. 


(2) YOUNG BIRDS HOVE OLFFE®ERT SURVIVAL OND PECOWERY FATES FED® THOSE “F eOULTS. 


POROPETERS: 


Fat = SO80 PECOVERY RATE FOR S20L4TS EN VEAP I. 
sete = SUPVEWAL BATE FOR ADULTS TR Wear ft. 
Fett = SOND PFCOVERY RATE Foe YoWwRG I8 WEee 1. 
S*Ctd = SLPWEWSL BATE FOR YOUNG TW WEeR 1. 


STOUC TURE OF THE PODEL UNDER HL (IN TERHS F EXPECTED HUMBERT OF BOND ®F TURNSE: 





SANDED 45 ADULTS 


WELdF a? WELESCLOF N29 WCLISCL OSC 2OF CS) WELOSTLOSEZIOSE DELS) 
wi2eee2zs WE2ESt2 HFT) WEZISEZISCIIF LS) 
WEddF ED WESESTODE CEs 


PeNDEC aS YOUNC 
waLeerai PCLes*cieerzs SELUSSCROSCZOF EDD «MELO S* CLOSE ZOS CDE Ces 

















mi 208-425 C20 S* 1200088 MEP OS*C DISC DIELS 
macarerase MEDS EDee tes 
ESTIMATES UNDER 1 
rant sans 
1 ve €Stieate ST an Oaee 65% COW IDENCE titivate STanoaen oS COM 1DPWCE 
scansees ~~E8838__ ~~-AMLESL AL... eusesees ~~ES808 _. -—L SIE 
1 11963 6.04633 0.014 0.0170 = 6.0695 0.57% O.lite 6.3533 = ©O.7978 
2 1966 6, 08%6 0.0992 0.067% - G.1036 0.6399 2.07%6 0.6878 = ©. 7869 
3 #19¢5 60,0590 0.0061 C.0470 = GO.0710 0.6665 0.078) 0.5122 = 6.8707 
4 1966 6.0628 0.0967 0.069% = 0.0769 0. #054 0.0977 0.6130 = 0.9967 
5 1%? 0.0520 0.0050 0.06272 = 0.0019 0.04% 0.0726 0.8078 = 6.7006 
¢ 1968 0.069 0.9055 0.0825 = 90,0760 0. 9825 0.0581 0.4387 = 0.8006 
7 1969 6.0789 0.0061 C.0670- 6.0908 0.5719 0.0683 0.4419 = 0.7020 
e 1970 06,0880 0.9000 0.0730 = 6.1066 0. $445 0.120 0.2006 = 0.7930 
© 1971 6.0079 0.0142 0.0393 = 6.0951 
avenact STawoare oS CONF LOENCE aver act STANOARO o5t COM 1OENCE 
ESDABAIE ceace._. .- AUTEREAL... ESIFAale tesa... poe tS) | ee 
- «© 0.0008 0.0029 0.0010 - 0.0728 $$ © 0.0268 0.0216 0.5828 = 0.0008 
eran stuns 
1 ve Estimate STAROARO 95% CONF LOENCE Estieare ST awoar oS Con LORNCE 
eoses — ow ae ~~ TERA. a —£ee08.. ° — 
1 1963 0.0863 0.0091 0.0685 += 06.1040 0.4708 0.0596 0.9545 = 0.507% 
2 1966 0.1667 0.0034 0.1205 = 0.1729 0. S006 0.0699 0.30% = 0.0656 
3 1968 0.0726 0.0077 0.0573 = 0.0875 0.501 0.0717 0.4086 = 6.7297 
& 19668 0.1276 0.00% 0.1085 = 0.1463 0.5909 0.0716 0.4906 = 0.7942 
$ 1967 06,0909 0.0083 0.0% = 0.1072 0.47% 0.0610 0.1801 = 4.997% 
6 1%? 06.0078 0.0087 €.0807 = 0.1150 0.0821 0.0723 0.9804 = 6, 0998 
7 1969 0.10% 0.0093 0.0916 = O.1278 0.4635 0.0878 0.3907 = 0.9006 
# 1970 0.1069 ©.0102 0.0009 = 0.1268 0. 3926 O. 1499 0.1708 = 0.0167 
© 197 ¢.107 0.0165 0.0783 = 0.1400 
averace STaNOaRO oS CONF LOENCE avenace sTawoaeo 958 COMP 1DENCE 
CS1ipalt caroe... _- SLA CAI LPAIL Ct. — ASI 
+ = 0.1089 0.0035 0.0979 = o.tuae 8 8=6S* ow S78 0.0265 0.4659 = 0.5099 
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Example 3.1b 


"Lt FLL PDS SONDED PRECLECOO® Ie Tee Fem LUTS weLLer, CRLO8e00 


FCTPSTED STH TEST COWSPT ENCES O4C C}PSELATITSS UNDE® H1 


' ve CoweRTFeee Sete COSPTF CES. SETS COWOPTSTED SSE TeLes C WRIST EStteles 
i] ie ~©. 000107801 ~0.O710S2196 -0. 992279831 ~0.260315S3i2 

2 See 0.00011 Seee 0. Les0e8ee2 ~6. 072153 509 0. 362159372 

’ 1s ©.G0009 34530 0. 19ee2see} - 0. 004058 998 -9. S277 #7699 

. 1 See 6. o00277389 0. o205844Se ~0. 003161 de3 -0.665952175 

$s ie? C. 000145677 0. SORTS 1 O09 -6. 001924780 =-6.45 7790708 

. ites 5.09015000° 0.3 793e557 ~0.091¢10¢37 6. de S9S8111 

’ ites 0. 901527515 0. 3279970055 0. 0022772797 -0.26¢31 9993 

° 1976 C.COC2See$3 0.268226525 


! ve CoweeePttens.seaee COOP EFC TOLD SEES COwWOPTE ETDS ETDS CUMBTETCT ESC Tbe 
i Set -0.000399171 ~0. 288098030 -0. 0000422 be 0.07 #5135900 
? 1 See -0.000 190053 0. 613083001 =0. 000105 642 —O. 11 619515 
5 ses ~0.03031e%05 ~0. 998185595 -6. 060037 700 ~0.00F2409%¢6 
+ See - ©.0007* 882 0.51 7457067 -6. 900902079 -0.097960152 
$ ise? =€. 000220 300 0. 933958992 6. 0000 be215 -3.371550000 
. ise 0. 000196998 -0. 593680970 =, 900055 260 9. 787399063 
’ 16069 ~©0.00C3 72 e008 -0. 699601335 +0. 339046950 -9. 371505550 
e 1970 ~6. 001018715 ~0.887 200527 ~0. 0090454 de =9.0 993967359 


! ve Cowares* ere esatee C°WHRES*ELD SEs COWORTS* EEE Setenne COHORTS ELE St tenes 
i i*e ©.00bes1e12 On. 245022225 —0. WO 1824645¢6 -0.40¢355058 

? Toe ©. 0018 te182 0. dOVSOs ESE -0. 991 744925 9. 301866808 

5 ses ©. 0026701 0¢ GC. 526583420 +0. 205s e8008 0. $1 2009994 

‘ 1 ee ©. 002093726 O- eh Deere - 0. 902 33« 608 0. 4505958646 

s ee? ©. 001 ee}e08 O.d7TLLet be ~@. OO14i+ 600 0. P9S667721 

e See ©. 00 te08255 ©. 2065799 - 0. 001604600 0. 347069369 

? 1% 0. 90194* 206 O.s32057088 ~6. 0618641692 “0. 211269655 

8 1970 ©. 0084s 1458 C.#67830525 


! ve COWARD ETE Pt tenes COHORTS CED Fe teLe 
! 1%e) ~©. 000245560 ~0. 409728519 
? ees -6. 000181819 -@. 98S 7esiaz 
’ 1965 -0. OOO72 79836 -0.S7eeee97) 
$s ee? ~0. 000 1027006 -6. 48339980) 
. isee ~0, 00027907 0.526 88S806 
’ reese ~ ©. OOC 307065 -0. SSS 755TI« 
‘ 1970 0. COLLTSSS1 -0.7TdOLeT2Z¢5 
THe S80VE OFF ESTIMATES OF THE SAPPL ING COVRRT ENCES OND COPPELETIONS SFT eEEN THE PARAMETER ESTIMATIONS. 


cowaess.# 


© -©.000035711 


COwaets* .F* be <0. cOOD0SET 
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Example 3.1c 


SALE BALL OPOS BANDED PRESESSON 14 THE SON LUIS WALLEY, COLORADD 





A 
SeTRIe OF CATs VALUES — aOULTS “1 
1 10.00 13.00 6.00 1.00 1.06 3.060 1.60 2.66 906.0 
2 6.0 58.00 21.00 16.08 15.00 13.00 6.00 18.606 1.0¢ 
3 0.0 C.9 54.00 39.00 23.00 18.00 11.00 10.06 6.0¢ 
‘ 6.0 c.0 0.0 46.00 21.00 22.06 %.00 %.00 3.00 
‘ Ges c.9 ved 9.09 $5.00 39.99 23.09 15.00 12.0¢ 
‘ s.0 6.9 6.0 6.0 6.0 66.09 46.05 29.00 18.00 
? 6.0 c.0 0.2 9.9 c.9 3.9 101.00 $9.06 39.0¢ 
) 6.0 .* 0.0 6.0 c.0 o.0 6.0 7.00 22.90 
. c.0 ¢.0 0.0 6.0 c.0 6.0 6.0 9.0 21.00 


SATOIE OF EXPECTED WOLUES —— s0ULTS 





i 10.00 11.45 $.0¢ 5.00 2.42 1.92 i- 33 0.te 6.37 
2 6.0 $5.54 24.47 #L7.68 1.74 9.32 ©&.45 *.18 i.7s 
+ c.6 6.90 $2.22 37.32 2*.08 19.99 13.77 *.93 5.83 
. ©.9 c.0 0.0 37.03 24.87 9.75 3.67 *.* 5.80 
s 6.6 ©.0 0.0 6.90 46.07 38.97 26.97 i7.49 7. 
6 0.0 c.0 0.0 0.0 ©.0 ©8.14 7.17 6.49 3.08 
’ 6.9 c.98 9.0 3.9 c.0 0.0 98.06 63.95 27.41 
a 6.0 c.0 c.0 0.0 t.0 3.9 5.0 3.30 35.7¢ 
s 6.0 ©.9 0.9 9.9 c.9 9.3 3.0 5.6 21.0¢ 





SATOTE OF STANDOED AOR OFVIATES —— e0uL Ts 


6.0¢ c.«? 0.43 -1.08 -¢€.$2 0.78 -0.2% 1.23 =-0.61 
0.90 0.34 -0.72 <0. 0.9 1.21 “0.18 <1. -0.996 
0.0 6.0 0.25 0.278 <¢.4? -0.43 -0.75 o.M 1.08 
ie) c.93 9.0 i.i8@ -¢.79 9.52 1.28 6.05 -9.41 
0 ¢.0 0.0 *.0 c.8? 6.01 “6.78 =<1.57 1.65 
© c.0 c.0 0.9 ¢.0 “9.27? =-3.17 =9.29 i. 
fe) c.9o 0.0 6.0 t.@ 6.0 o.2* 0.04 6.5¢ 
i?) ¢.o 0.9 6.9 c.0 ..0 0.0 1.¢? “2. 
c c.e 6.0 6.0 c.0 0.0 0.0 0.0 0.00 


Sew # Pe we 


matetx Cf OOTA We: ES << YOUNG “8 





63.00 35.90 18.09 16.00 €.00 6.090 4.00 5.0C 1.90 
6.0 103.00 21.09 13.00 41.00 6.00 6.00 6.0¢ 6.9 
©.0 0.9 82.99 %%.90 24.90 24.90 15.00 18.00 2-0 
6.6 c.@ 0.0 183.00 35.0C 22.00 21.00 i16.0€ 6.00 

9.0 0.0 105.00 38.90 31.00 185.€€ 1.00 

0.0 c.o 0.0 9.0 6.0 113.00 64.00 29.00 227.0€ 

0.0 ¢.0 °.0 0.0 ¢.0 0.0 124.00 45,00 77.0 

0.9 ¢.9 0.9 0.0 6.90 9.9 0.0 95.00 75.00 

6.0 c.o0 0.0 6.0 c.0 0.90 0.0 6.0 3e.0¢ 


e2@e7ewvnreenu eae 
o 
. 
°o 
eo 
. 
co 


VOTRin OF FRPECTED VALLES = YOUNG 





63.00 865.08 17.19 12.28 e.2* 6.55 * 5) 7.- i.2@ 
6.0 103.00 21.08 i5.07 0.48 6.03 5. %6 3.00 7 
6.0 0.9 2.99 42.99 20.33 22.69 15.57 060.09 4.35 
6.0 ©.0 0.0 193.00 87.86 29.50 20.42 13.26 5.6? 
9.8 6.0 9.0 0.0 105.00 86.65 25.22 16.95 7.01 
0.0 €.9 0.9 9.0 t-9 13.00 59.70 88.71 14.99 
6.0 c.0 0.0 0.0 ¢.9 9.9 626.00 46.50 29.10 
0.0 c.0 0.0 6.0 0.0 0.90 0.0 95.00 25.00 
0.0 c.0 0.0 0.0 0.9 6.9 9.0 0.0 38.0¢ 


e#eurevrtran = 


SATRIn OF STANCORD WORF RL DEVIATES =< YOUNG 





0.0 -€..t 0.20 1.07 -c.7s 6.57 0.2% 0.¢4 “0.25 
0.0 ©.0 -0.02 ©-0.% c.28 “39.71 9.19 1.77 1.26 
0.0 c.e 0.0 “0.97 «6.46 0.32 0.1% 7.90 9.16 
0.0 c.0 0.0 0.90 C.3i 1.46 0.13 0.76 0.48 
c.0 0.0 0.0 c.0 0.26 1-06 “0.96 <2.28 
6.0 ¢.9 0.0 0.0 6.0 0.90 0.37 “1.98 i.™ 
0.9 0.9 9.9 9.9 0% 0.0 0.0 -0.2% 0.43 
0.0 0.0 0.0 0.0 c.9 9.90 0.0 9.06 0.00 
6.0 0.9 0.0 9.9 c.@ 0.9 9.0 0.0 9.0 


eeu 2 oe Ve 
i J 
. 
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It is readily seen, for example by comparing Table 3.4 with Table 3.3, that there are fewer parameters to be esti- 
mated under H,-. than under H,. All the parameters of interest under H.., that is f,. f.....f .f. f....f.S and S’, 
are identifiable, and hence, estimable. 

Before discussing estimation, we note that there is a relationship between the assumptions of H,.. and the 
hypothesis of compensatory natural mortality, in that harvest or exploitation rates are assumed to vary from 
year to year, but total mortality (the complement of S) is assumed to be constant. However, the resulting model 
cannot be unambiguously associated with compensatory mortality because of the nonidentifiability of the actual 
harvest rate H. Thus variable f and constant S arise if H and S are both constant, but A, (the reporting rate) varies. 
The assumption of a constant exploitation rate is usually known to be unreasonable, however. Testing the validity 
of the H,.. model, and in particular comparing H,, with H, are therefore of interest (see Section 3.7). 


Estimation of Parameters 


The ML estimators of the parameters cannot be expressed explicitly as simple functions of the data in contrasi 
to the MU estimators under H,. Program BROWNIE contains an algorithm for obtaining these estimates which 
are printe<' out together with estimates of their standard errors and 95% confidence intervals. More precisely, the 
likelihood + quations cannot be solved explicitly for f.. £8. and S’, and solutions must be obtained by numerical 
methods. 7 he method of scoring is used and is described in more detail in Appendix B and in Seber (1973: 16-18). 

Estimates of certain sampling covariances and correlations between the estimators (those most likely to be of 
interest) are also printed. Estimation under this model is illustrated in the computer output in Example 3.2. Note 
that if: > & (s > 0), although the parameters f, . ,,f| . ......fi . are each estimable, their estimates are not printed 
out. Also, only the first & estimates / are camel to ‘obtain ; an estimate of the average adult recovery rate in 
years | to k. This is because for data sets with typical values of N, and M, \i.e., values less than 500) the variances 
of the estimators fi. of. and corresponding confidence intervals tend to be so large that the estimates are 
of little use. 


Goodness of Fit Test 


A goodness of fit test to the model under H,. is computed in the conventional way described in Section 2.2. The 
resulting chi-square value and associated degrees of freedom are printed, and as usual, large chi-square values 
indicate that some of the assumptions of the model may be violated. 

If E., and E:, represent the ML estimates of the expected values of R,, and @,,, respectively, then the goodness of 
fit chi-square statistic is 


g (Re BaP Qe LAY 5 (UM ROBIE (QO 
er E,, E be N,-E, M-E ’ 


where N.-R, and M.-@ are the number of bands never recovered from the ‘” releases of adults and young, 
respectively, and N,-E, and M —E, are the ML estimates of the corresponding expected numbers. The degrees 
of freedom are k? + 2ks —k —s — 2. 

In practice, some of the E, and E), values will be too small to justify the chi-square approximation, and some 
pooling is necessary. As necessary, program BROWNIE will pool expected recoveries within a row from right to 
left in the matrix until a combined value of at least 2 is obtained. At the same time, corresponding R,,'s or Q,,'s are 
pooled also. A degree of freedom is lost for each R,, or Q,, pooled. 

Again, a rough idea of the agreement between model and data can be obtained by comparing individual data 
values with their estimated expected values. 

Thus, as under H,, corresponding to each of the recovery matrices, a matrix of “expected values,” and a matrix 
of “standard normal deviates” are printed. 


An Example 


The analvsis described above for the model under H,, is illustrated for data from a study on male blue-winged 
teal banded preseason in Saskatchewan during 1962-68, with recoveries recorded through the 1973 season. For 
these data, & = 7, «12, s = 5, and the data with basic subtotals appear in the form of sample output from program 
BROWNIE in Example 3.2a. 
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For reasons given above, although estimates of each of the anni-al recovery rates f,. f..... /;. are computed, only 
the first &( 7) are printed (see Example 3.2a). Note that estimates of recovery rates for young are higher than those 
for adults, and the estimate of the constant survival rate for young is lower than that for acults, indicating there 
is age-dependence of these parameters. 

The estimates of both young and adult recovery rates are low compared with estimates from the mallard data 
used for Examples 3.1 and 3.5. For example, for the blue-winged teal, averaging the H.,. estimates of adult recovery 
gives f = 0.0067, while for the mallard data of Example 3.5c, /- 0.0646. _ 

These low recovery rates are reflected in the low precision of S, ard S’ (and hence in the large confidence inter- 
vals for S, and S’), even though the number of birds banded in most years is over 2,000. Thus comparison of Ex- 
ample 3.2a with Example 3.5c shows that for the blue-winged teal, S = 0.6356 with standard error 0.0240 and for 
the mallards, S - 0.6515 with standard error 0.0120, although the total number of releases for the blue-winged 
teal is considerably greater than that for the mallards. This should indicate that the number of birds which must 
be banded to obtain a given level of precision for the survival estimates will depend greatly on the effective recovery 
rate for the species and flyway of interest. This subject is discussed further in Section 9.3 

Low recovery rates are also reflected in the “MATRICES OF EXPECTED VALUES.” the entries of which are 
frequently less than | (see Example 3.2c). Examination of the "MATRICES OF STANDARD NORMAL DEVIATES” 
shows that there are few extreme values and agreement between mode! and data seems reasonably good. This is 
borne out by the goodness of fit test which yields (after much pooling) a chi-square value of 64.79 with 57 df. If 
H... 18 true, there is a better than 20% chance of a chi-square value at least this extreme (64.79) so there is no reason 
to suspect that the model is incorrect. The likelihood ratio test comparing H,. with H, (inadvertently not photo- 
graphed as part of Example 3.2c) also suggests that the model under H.,.. is adequate for these data (,’— 15.14, 
lid, P~ 0.18). This test is discussed in Section 3.7 


3.4 The Model Under H,, 


The model discussed in this section is simple but very restrictive. As under H,.., the young and adult annual 
survival rates are assumed to be constant, but in addition young and adult recovery rates are also assumed to 
be constant. In most situations this last assumption is not appropriate and consegi ently the model is inadequate 
isee Examples 3.3 and 3.5b) 

The assumptions of H.,, are 

(1) Annual recovery and survival rates are age-dependent for the first year of life only; and 

(2) annual recovery and survival rates are otherwise constant from year to year 


The parameters of the model under H,, are 
f' = constant annual recovery rate for young, 
S’ = constant annual survival rate for young, 
f - constant annual recovery rate for adults, 
S = constant annual survival rate for adults 
The four parameters / f’S. 8’ are each estimable. 
Tables of expected numbers of band recoveries, in terms of N,, M,. f. {'.S.S', are used to express the structure 
of this model 


Table 3.5. Expected numbers of band recoveries under H,, for a banding study 
with k= 3.: <5,8=2 


Year of recovery 
Year Number 


banded banded 1 2 3 4 5 

Birds banded and released as adults 

1 Nv, Vy N.Sf N\SSy N.SSSy N.SSSSy 

2 N NYS NSS N.SS/ N_SSS/ 

3 N Ny V.S/ N_SS/ 
Birds banded and released as youn, 

l Vv, M MS/ M.S S/ M.S SS/ M.S’ SSS/ 

2 M Ms MS} M.S S} MS SS/ 

3 M Ms M.S/ M.S'S/ 


MEST Gi 1 AY MARIE 
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Example 3.2b 
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5 1 See C6. 09000 206 A. 4 eS =C€. 0959004; ~3. 0858 
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‘ 1° =. COOMO09e -5, 9008 <6. 09090007 -5. 0085 

s ieee ©. 0000C008 3. 0008 6. COMPHME? -6. 003% 
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Estimation of Parameters 


Simple expressions cannot be obtained for the ML estimators of the four parameters ff’ S, and S; and evalua- 
tion of the estimates for a given data set using a desk calculator would be extremely tedious. However, estimates 
are easily obtained by using program BROWNIE as illustrated in Example 3.3 (see Appendices A and B for a 
discussion of the method used in the program). Estimates of the standard errors and confidence intervals are also 
printed, as well as estimates of the covariances and correlations between the estimators. 

No goodness of fit test is computed for this model in program BROWNIE because the performance of this model 
is on the whole very poor, and the H,. model will almost always be preferred. That is, comparison of H,, with Hi. 
(by means of a likelihood ratio test) almost always results in a clear-cut rejection of H,,, in favor of H.., and testing 
fit to H,, then seems unnecessary. 


An Example 


The blue-winged teal data of Example 3.2 are also used here to illustrate the analysis under H,,. The sample 
output is self-explanatory. Note again the low recovery rates for these data, and the age-dependence of both re- 
covery and survival rates. 

The likelihood ratio test (discussed further in Section 3.7) comparing H,, with H,, is very significant, and there- 
fore the model under H,, is rejected in favor of the model under H,,; thus the assumption that adult and young 
recovery rates are constant from year to year is also rejected. 


3.5 The Model Under H, 


The reasons that led to considering Model 0 as an extension of Model 1 in Chapter 2 also suggest a similar exten- 
sion of the H, model of this chapter. As discussed in Section 2.5, reporting rates may be different for hunters near 
banding sites, being increased by band solicitation or decreased by hunters who are more accustomed to seeing 
bands. A difference in the reporting rate near banding sites affects primarily newly banded birds that are more 
concentrated near banding sites at the beginning of the hunting season than birds banded in previous years. 

In defining the model under H., we note that there are many similarities between the H, model of this chapter 
and Model 0 of Chapter 2. Thus the assumptions o: H, are appropriate in the bird banding context, but may not 
be valid for similar studies on other types of populations, such as fish-tagging experiments. Also, there are other 
sets of assumptions which give rise to models that cennot be distinguished from the model under H, on the basis of 
the type of data collected. These points are discussed further below. 

The assumptions of H, are: 

(1) Annual survival, harvest and reporting rates are year-specific; 

(2) annual surviva! and harvest rates are age-dependent for the first year of life only; and 

(3) in any year, the reporting rate for newly released birds is different from that for survivors of previous releases. 
Assumptions 2 and 3 lead to defining three recovery rates for the model undesdé—The parameters of this model are: 


f= recovery rate in year : for birds banded and released as young in year i,i = 1,...,z, 
1,...,.h-lif/=k 
1,..., kif’ >k, 
f''' = recovery rate in year i for adults released in year i,i=1,..., k, 
f= recovery rate in year i for survivors of birds released before year i,i = 2,...,/, 
S| = survival rate for adults in year i,i=1,...,/-1. 


S; = survival rate for young in year i, i = 


Note that although assumption 3 above applies to the reporting rate for bands taken from young as well as from 
adults, the rate parameters defined for young under H, are the same as those under H,. This is because the actual 
reporting and harvest rates are not separately identifiable, so that the harvest rate for young and the different 
reporting rate for new releases are both reflected in the recovery rate /’ 

Tables of expected numbers of band recoveries are used to express the structure of this model in terms of N,, M,, 
ft, £8), and S/. Note that, as suggested by the paragraph above, the expected recoveries for birds released 
as young are the same under H, and H, (cf. Tables 3.6 and 3.3). 
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Example 3.3 


POLE FLUE WING TESOL FOENDEL PRESFASTN IN SASFATCHEWAN, 1962-¢8 


Tet wVPT THESIS &O1 


“-- 





ASSUPETIONS: €15 FOLAG GND SOULTS HAVE CIFFER®ERT SURYE WAL 26D PECOVERY fates 


(2) OFF FRBTSE. SURWEWAL AND SECOVERY RATES ARE CONSTANT Fete veer TO VEaR 


PAR OME TER: 





4 © CONSTANT er URL SURVEIVel POTE FCR BOUTS 
‘ = CONSTANT FOND SEC OVER) @8TE FOR B0UL"s 
+ © CONSTART e6hURL SUR VEIWAL PATE ECR YOURG 
e* « CONSTONT POND SECOWERY @aTE FOR YOUNG 
S$Teuctuee OF Tee OFEL UNDER HOI (1% TERS OF EXPECTED WHKRERS OCF BAND PE THO@NSE: 
PaNDEC #85 ATUL TS PaNOED 45 YOUNG 
Weir wes weinsse weiss wrap wrasse ~r 19s" $F te oe hee 
wi2zte wi210 weizoser size wa2zesre e12755°F 
waste weaose ot aed wrasse 


ESTIPATES UNDE® wOl 





‘ eECOWwEeY BATE FOR BDULTS id PEC TVERY Fare FF FOUNG 

estimate StTencaer S5t CONFIDENCE estivare Stanoaro Ost COMFICENCE 
fee ve 1vT tev al feenve iatrevaet 

0.0077 ¢.0005 o.cret = 6.0086 0.0159 9.3989 79133 - «0179 

s SLevViVel eaTe Fre epuLts $° weviva, eate FOR YOUNG 

‘Stivare Staacaer SSE CONFIDENCE eStiwate Stanoaen OSE COWFICERCE 
Fearne INTER VaL feene Ivteeval 

0.649? 0.0152 0.4163 = O.6791 6.3007 0.9468 0.4090 = 9.9925 


ESTIMATED COVOPTOENTES OND COPMELSTICRS UNDER HOI 


cover. CORRIF FP) cowie, s*s creete.,s*) 
-0©.0CC00000 -0.90000 -0,.09000017 -0.4172? 
COVtIF, SS) Comair, st CUS FTE CTMHES Ft) 
-C. COOOC4S)8 “0.6112 -06.00000000 -0.0000 
COvtS.S*) Cc 1PR1S,5*) coviee. sts comece*.see 
0.0000C875 0.0125 -0.00000051 -0.C109 


THE ABOVE ARE ESTIMATES OF THE SAPPLING COVARIANCES OND CUPRELATICNS BETWEEN THE Pam ameTeR ESTIMATORS. 


WUPBER CF LTTERATIONS COMPLETED = «4 


LIKELIPCOD PeTIO TEST CF MOL WS HOP. 





THES TEST COMPARES THE PODEL UNDER HOLL WITH THal UNDER HOZ2 ONC THUS TESTS THE ASSUPPTION Tear aout 
AND YCUNG PECOVERY BATES BRE CONSTANT FRO WEAR TO veer, & *LORGE® Chl SOURPE VaLUE thOTCAaTES Treat 
HO2 BETTER MESCRTIOES TRE O4TA ONO THAT @ECOVERY RATES ARE WOT CONSTANT FROF Weare TO voar,. 


CHl=SCuree VaLUE «= 72.72 


OFGREES CH FLEEOT® « i’ 
PROBABILITY OF A CHT SQUARE VaLVE LeRGER Tran 72.72 * 0.00000 
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Table 3.6. Expected nv mbers of band recoveries under H, for a banding study with k = 3,/ = 5, s = 2. 

















Year of recovery 
Year Number ————-——-——— — -_— ————— 

banded banded 1 2 3 _ 4 5 
birds banded and released as adults 

1 N, Nw” N, Sif, N,S,S.f, N.S, S,Sof, N,S,S,S,8.f, 

3 N, N.f”’ NS N.S, Sf, 
Birds banded and released as young 

l M, Mf; M.Sif, M.S;S.f, M,SiS,S.f, M,S;S,S,S.f, 

2 M. M.f! M.S:f, M.S;S, f, M.S;S,S.f, 

3 M, MJ; M,Sif, MSS. 


Estimation of Parameters 


ML estimators of the different recovery rates are: 


ph — he WR _{2,...k-lifl=k 
‘ON, T.4U,-Q@ -R, -W.+R, 4" \2,... kif’ >k 
. Rk, 
fi" =F i=1,...,h, 
p-@ i=1,...,&. 
The data of Table 3.2 give 
Boo Oete 10 P 
fi “WN, "331 0.0433, 
_ Qu 88 
fi = 7 = 9@p ~ 0-0863 
joRe—Re  § OWi-Rw __—__(131~ 58) «(106 58) ___ 4) go 
“ON, Tr 4Up~ Qe — Ry, —We+Re 649 (250 -131-106+58) 
., 58 
fi’ = gq = 0.0894, 
fi’ = nt = 0.1467 


(161 — 54) x (120 ~ 54) 


h= 585 x (970 - 161-1204 64) 0.0558. 


Bias-adjusted ML estimators of survival rates are: 


R, -R,, N,.,+1 (Feet ec a ne ge iets 1,... k-2if/=hk 
+1 io .. k-1lifl>k 


N, R,., -R, «14. T.. 14 U 6 - Qa -R,., 


gO — Qi Ni. +1 (Pisses Qi Rea est Bese) Sari er 
” M Rios ~Riciaes 4] : 1,....k-1lif/>k. 
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The data of Table 3.2 give 
R,-R,, N:+1 T.+U.-@. ~R. —W.+Re\ (37-10) «(649 + 1) «(250 — 131 — 106 + 58) 


S, _ 61: 

Si="N OR Re 1\ ~*T7.4U-@. - Rk. 231 x (131 —58+ 1) »1250-131) 0.6126 
g = Qu Neth (T+ Us QR, ~We+ Rez) _(175 83) «(649 + 1) x(250 — 131 - 106 +58) _ 9 51, 
~ M, R, -R»+1 T. + U,-@. -R. 962 x (131 —- 58+ 1) (250-131) ° | 


These calculations can be compared with the complete evaluation of estimates in the printout from the FORTRAN 
program presented in Example 3.5i and 3.5) 

For completeness we define the unadjusted ML estimators of survival and additional ML estimators, most of 
which are appropriate when the data are nontriangular (i.e., when , > &). Thus 


S R R, N, ' (7 ,+U, i-Q, i R , -W, +R, 1 ‘) ; i3,... 2-3 k 
° N R j ~R sie T, .+U :-@, 1 -R ' ' }1,...A&-1if > hk. 
¢ q Q N, . iz ,+f i-@ 1-R,.,-Wi..+R,., ‘) (1,....-2if =k 
MOR. Ro T,..+U,..-@.,-R.1 1h k-1if/>k. 
In addition, if: =k 
——“ R. 1 —Ra sas 
a - No 
—~s ; i i iJ ' 
& f=" a 
and if; ~ &+1, 
> R, -R 
Sif. . 1 N, 
” <p ! : At 
Si. a 
and finally if; > &+1, 
~~ — R, +Q, ; R, ~Ry 
S'S. oh T.+U.. V i=], 8 
Ra t+ Qa es Qe — Qui 
ahh +Ue. Mh 
— R, + j ' he 
SiS, .4°' °S fis T ae $ 7 2, s 


These additional estimates are used in program BROWNIE in obtaining the matrices of “expected values” and 
of “standard normal deviates,” but they are not all contained in the printout because they are not of biological 
interest. Examining the output in Example 3.5) shows that, for the data of Table 3.2 where & =» =9, and s = 0, 


aa am RO - Rew Rew 22 as 
S, :f=Ssh N. N. ~ 938 0.0235 


— DE, 


However, Sif 906 0.0276 is not printed 
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Sampling Variances, Standard Errors, and Confidence i::tervals 


Estimators of the large-sample variances of f,, /’”’, /’, S, and S; are given below. The notation is similar to that 
introduced in Section 3.2 for the H, model. These variance estimators are used as described in Section 3.2 to 
obtain estimates of the corresponding standand errors and 95% confidence intervals, all of which are contained in 
the printout of the FORTRAN program BROWNIE (see Example 3.5). 

















a on a oe 1 oe _{2,...e-if/ =k 
var =" |e, N.*7.+U-Q@ -R -W+R, WR, ile it />k, 
var") =f" -f'"/N, jet....% 
var(f’) =f) (1-f?)/M, i=1,...,%, 
: | l 1 1 1 
vart$))= (8 | Be Wt Rv oR No 
, 1 ; fl... k-2ifl=k 
Ti 6 #0561 - Qin ~Rins —WiertRicsies Ti 01 + Ui .1- Qin -Rins i={, ... A&-1ifl>k, 
yacgpf—t_ 1, _ 
var(S;) = (SF la -Q,, Mm” R, “1 —R,. tie Ni. 
_ 1 ; [Ly R= Difl =k 
Ti 0 U1 - Qe ~ Rind —Wiert Rina T,.,+Ui.,- bon ~Riny i={s ep -tiee>e. 


The computation of these variances and corresponding confidence intervals without using the FORTRAN program 
is somewhat tedious, as we illustrate below, again using the data of Table 3.2 











var(i= ("| p—R-- Nt 1 » 1 
3 : R, -—Ry N, T, + Uy — Qs — Ry — Wa + Ray W,- Ry 
= (0.0558) eres 1, l + l leo 
—_ ecm 370-161 -—120+54 120-54] ACCESSES, 


se(f,) = 0.0097, 
1.96 x se/f,) = 0.0190 


and the 95 % confidence interval! for f, is (0.0368, 0.0748). Comparison with the corresponding results in the printout 
of Example 3.5i shows a slight difference in the confidence interval obtained there, which is again due to the 
greater accuracy of the calculations performed by the computer. 


Sampling Cove riances and Correlations 


Formulae for obtaining estimates of the covariances between the estimators fi, f’ .. fi _S,, and S! are given below, 
again using the notation of Section 3.2. Estimates of the correlations between corresponding pairs of estimators 
are obtained using the covariances and variances above in the manner described in Section 3.2 for the H, estimators. 
Use of the FORTRAN program is recommended to avoid the time-consuming computations involved in the evalua- 
tion of all the formulae below which are presented here mainly for reference purposes or for use by the reader with 
a single data set with small k, (e.g., k = 4 or 5). 

Thus, 
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cov fi’”“f=-h "RIN, inf yeh 
_ ..k-Qifl=k 
cov ft-8) =— fr" SN i pita 
1,...,k-2ifl=h 


cow fii Su = f'sSINi.» 11... e- Life >k, 
ja [l.---A-2ifl=k 


cov f';,8/) = f'S//N.. (l... k-1lifl>k 


























2. i 1 4. _ (2,...k-2ifl=k 
ovi.§) =78 RR. x rf" |2,...,k-1ifl>k, 
. a iat 1 1 (ly... Ro Dife =k 
covifi. 8) =—fi.18\| 5——B——— in b-1ee>k, 
» o { 1 1 | . fl,...&-2ifl=k 
covifi. 8) =—fi. Si) R——R—— — int eek. 
__ 1 | . f1,...&-3iff=k 
cow 5... ve 5S.. le 1 -R, iit ~ Nios ij {yo aite> 
sa,e@e/__1 1. l 

cov $,8) = 885 p—— Nina Ti014Uie1- Qos Ri. .-W ie it Riony wee 
- a afi anaes 
Tyo Unes—Qior — Mier Tl... k-1ifé>k, 
a a ae =o fly... k-Sifl=k 
cow’ S, « Si) -&..8|5§—— — Nios ro a aya 
; ; (1... k-2ifl=k 
cov f,5) = ~ fi’ S'/M, im (etek 


For the mallard data of Table 3.2 we have obtained above f= 0.0558, se(f,) = 0.0097, and from Example 3.5i we 
obtain S, = 0.7427, and se(S,) = 0.1137. Thus, as shown in example 3.5k. 


cov f, Sy) = j8,| p— ~ Rz~ Ny, |=10:0888) ««0. 7427) x 


N. as" 0.00034049. 


leis 54 885 
The estimate of the correlation between /, and S, using the method described in Section 3.2, is 


cowl f,Sy) 0.00034049 


se(/,)se(S,) ~ (0.0097) x (0.1137) 0.3087. 


corr’ fi,Sy) = 








Again this is slightly different from the corresponding result in the output in Example 3.5k, because of the greater 
e~curacy of the latter. 

As stated in Section 3.2, it must be recognized that these correlations reflect a property of the estimators them- 
selves, and not of the unknown parameters. The reader is referred to the discussion in Section 8.4. 


Goodness of Fit Test 


A goodness of fit test to the model under H, can be obtained in the conventional way (described, for example, in 
Section 3.3) or by the alternative method referred to in Section 3.2 in relation to testing fit to the model under H,. 
The method used in program BROWNIE is the latter, and the resulting chi-square value, degrees of freedom, and 
associated significance level are printed as shown in Example 3.4e. As usual, large chi-square values (values asso- 
ciated with a small probability under H,) suggest that the model is not appropriate. 
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In Example 3.5p, the goodness of fit test to the model under H, yields a chi-square value of 37.66 with 41 df. The 
probability under H. of observing a value larger than this is 0.62; hence, there is no reason to suspect that the 
mode! is inadequate. 

Again a rough idea of fit to the model can be obtained by examining the differences (suitably normalized) bet ween 
each individual observation and the ML estimate of its expectation under H,. This is done, as described in Sections 
3.2 and 3.3, by obtaining matrices of E,,’s, E's, Z,,'s, and Z;s, using the ML estimates under H., of the expected 
values presented in Table 3.6 (see Example 3.4d). 


Proper and Improper Use of the Model under H: 


We now examine models which are based on different sets of assumptions and parameterizations from those of 
the H. model but which, on the basis of the type of data considered in this chapter, are indistinguishable from the 
H. model. Consider a fish-tagging experiment involving young and adults, where tagging is known to affect the 
recovery and survival of both age groups in the year immediately following tagging. This would give rise to a model 
where the expected returns for fish tagged as young would be represented us in Table 3.6, but the expected returns 
for fish tagged as adults would be 


Nfl’ N,Si''f: N,Si''Sof NS S.Saf, N,S)"'S.S, Sif, 
N. ff’ N.S: fi N,S:"' Sufi N.S;"'S,Sif, 
Nf" N,Si'fi N,S,"'Syf,, - 


Under this model, the parameters /, S,, S’, and S,"’ are not separately estimable for reasons similar to those 
given in Section 3.9 in relation to the nonidentifiability of { and S,. if only young are banded. Also the ML esti- 
mators of the expected values of 2,, and Q,, are exactly the same functions of the data under this model as under 
the H, model. Thus it is not possible to devise a test to distinguish between these models, and the goodness of fit 
test to H, above tests fit to the H, model or this alternative model which we will cai! H,,. Thus if data are analyzed 
using the FORTRAN program, the tests computed may indicate that the model under H., is appropriate when the 
true model is in fact the H,,, model. The H. estimates of f, S,, and S/ will not be valid in this case. Suppose the 
unknown parameters S,'"’ are substantially smaller than the S, (for instance due to the detrimental effect of tag- 
ging) and H, estimates of S, are computed, then these estimates wi!l, on the average, be too small (i.e., negatively 
biased). 

Another model which is also indistinguishable from the H, model is characterized by the same expected recov- 
eries for individuais banded as young, but expected recoveries for individuals banded as adults would be 


Nifi NS) "'f N.S; "Sof; N.S; S.Sofi N,S;'S.S,Sif, 
Nf N.S:"'f, N.S: Sof, N.S; ''S,S.f, 
Naf NSs''fi N,S\"' Sif, . 


Under this model the parameters are separately estimable, but there does not seem to be a meaningful biological 
interpretation for this parameterization, and so this model is not given further consideration. 

In the bird band‘ g context, banding during the hunting season may give rise to the H,,, model. This is because 
recovery rates for new releases reflect recoveries from part of the hunting season, and survival rates for new re- 
leases relate to a period which is jess than a year. Thus we would expect /'’ to be less than f, and Sto be higher 
than S, in this situation, and the H,,, model rather than the H, model is appropriate. If the relative difference 
between S/'’ and S, is negligible compared with the re!ative difference between f'' and /,, then the H, model may 
be a reasonable approximation for in-season banding and the H, estimates will be only slightly biased. This is not 
unreasonable, because the relative difference in the period of survival for new releases may be close to 1 month 
out of 12, whereas the difference in the effective hunting season will be more like 1 month out of 3. 

To use the H, model as an approximation in this situation, all recoveries must be recorded ‘or the hunting season 
during which they occur, regardless of whether they occur before or after the time of banding. With the exception 
of survival rates for newly banded birds, an annual survival rate then applies to the period between the start of 
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one hunting season and the next. If the H. model is not a good approximation, i.e., if S,"’ is appreciably greater 
than S,, the H. estimators S, will be positively biased (i.e., too large on the average). 

This use of the model under H. is illustrated with a data st for Canada Geese in Example 3.4 below. Other 
exampies containing discussion of the model under H. are Examples 3.5 and 3.6. The former contains the mallard 
data of Table 3.2 and has already been referred to several times in this section. The latter contains a data set for 
which the model under H. seems to be the most appropriate model. 


An Example 


The model under H., is used as an approximation for analyzing data for Canada geese banded “in-season” (i.e., 
during the hunting season) at Swan Lake Refuge, Missouri, 1949-57 (Vaught and Kirsch 1966). Appropriate por- 
tions of the output from program BROWNIE are presenied in Example 3.4. 

Banding usually occurred during the final weeks of the hunting season, so recovery rates in any season should 
be lower for the newly banded adults. In Example 3.4b we see that except for years 1954 and 1956, the estimates 
reflect this: i.e.. except for : - 6 ana &, / is greater than f'"’. 

Confidence intervals for annua! survival rates are large. but the average survival rates are estimated with 
reasonable precision (see confidence intervals based on 8.8%. 

The matrices of standard normal deviates (Exampie 3.4d) contain few extreme values, and the goodness of fit 
test yields a chi-square value of 95.17 with 94 df (Example 5.4e), suggesting that ay;reement between model and 
data is good. However, both methods of assessing fit are misleading in this situation as neither provides informa- 
tion about how closely the H, model approximates the H.,, model. By using tise H, model we are assuming that the 
survival rate for mew!» banded adult is not appreciably different from that for previously banded birds. As dis- 
cussed above, we have no way totest 6 assumption, and the validity of the H, estimators is therefore questionable. 

In-season banding of certain species is a common practice because of the c»nvenience of banding at a time when 
birds are clustered together. This use of the H, model is suggested as an approximate method for analyzing some 
of the data of this awrt which already exist. However, we do not thereby intend to encourage the practice of in- 
season banding in futere programs. A decision to band during the hunting season must take into account the 
tradeoff between the gaix -4 precision, due to the ease of banding large numbers of birds, and the increase in bias 
of the estimators. We have neo idea of the magnitude of the bias likely to be incurred by using the H, model to de- 
scribe in-season banding data. 


3.6 The Model Under H, 


The assumption concerning the age-dependence wf survival and recovery rates, common to H,,, Hy., H,, and H:, 
can be made more general. This leads to the hypothesis H,, the assumptions of which are the same as those of H, 
except that survival and recovery rates are assumed to be different for three age classes, i.e., for young, subadults 
(birds between 1 and 2 years old), and “older birds” (birds more thar 2 years old). 

The experimental situation remains the same as that of previous sections in that only two age classes are recog- 
nized during banding, and we will continue to refer to these two groups as “young” and “adults.” Thus every cohort 
of banded “adults” will contain an unknown number of + badults. 

The assumptions of H, are: 

(1) Annual! survival and recovery rates are age-dependent for the first 2 years of life (i.e., are different for young, 
subadults, and older birds). Note that this embraces assumption 3 of mode! H, for the experimental situation 
we are concerned with, because of the nonidentifiability of the reporting rate A; and 

(2) annual survivai and recovery rates are year-specific. 

Each cohort of banded adults releaseu contains an unknown number of subadults and under assumption | above, 
the survival and recovery rates for this mixed batch will be different from the corresponding rates which are char- 
acteristic of the groups consisting of subadults alone and all older birds. We define f'' and S/"' as the rates which 
apply to this mixed group in the year immediately after release. Thus the parameters of /, are as follows: 


ff’ and S)” are the recovery and survival rates, respectively, in year : for the adults (i.e., subadults and older 
birds) banded and released in year :, 
fand S are the recovery and survival rates, re pectively, in year : for the young released in year :; 
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Example 3.4a 
CANADA GEESE BANDED IN-SEASON AI Swat Lane REFUGE, 1949-57 
acuLTs INPUT waeretx 
i969 678. *é. Se. 37. 32. 32. 8. is. i2. ’. 7. 2. 3. 


Besic SuUBTOTaLS 


1 @ROWITD RCOLECTD CROwEEE OCOLEED veri vil) eit mt 
i 241.00 46.00 207.00 $9.00 2€1.0 207.00 46.06 0.0 
? 235.00 91.00 137.00 60.00 45C.0C 265.00 122.00 215.00 
5 $9.00 846.00 153.00 102.90 45#.0C 378.00 151.00 476.00 
5 £0.0¢ 110.00 173.00 145.00 42€.00 521.00 204.09 $45.00 
6 104.00 103.0C 291.00 248@.00 422.0C 667.00 211.00 $72.00 
? 176.0¢ 206.00 265.00 363.00 4**.00 684.00 413.00 $#7.¢c90 
e 97.90 135.00 206.0C€ 207.00 38¢€.0C $27.00 237.00 4501.00 
9 67.90 102,00 67.00 132.00 31#.00 407.00 195.00 470.C0 
21¢€.00 275.00 443.00 


THE HYPOTHESIS H2. (SEE BROWNIE AND ROBSOK, 1974. CORNELL BIOMETRICS UNIT PAPER WD. oUKSie—m) 





ASSUPPTIONS: (1) @NWNUAL SURVIVAL OND RECOVERY RATES APE VEAR-SPECTFIC. 





(2) YOUNG BIRDS HAVE CIFFERERT SURVIVAL OND PECC VERY ATES FROF THOSE OF SOMLTS. 


(3) IN ONY YEAR, THE PEPORTIAG RATE FOR NEW RELEASES 15 OLFFERENT FROM THAT FOR SURVIVORS CF PREVIOUSLY 
FENCED COMDETS, AND HENCE THE CORRESPONDING PECOVERY BATES ARE DIFFERENT. 


M2 1S ON EXTENSION OF HL IN THAT THE * 18ST YEAR ADULT RECOVERY BATE IN VEO® fT TS DIFFERENT FRO" THE PECOVERY PATE IN 
VEAP 1 OF PREVIDUSLY BONDED BOULTS. (Tf SOLICITING OF BANDS FROM FLNTFRS BY CONSERVATION OFFICERS NEAR BANDING SITES 


MAY GIVE RISE TO TRES Sttuatices. 


PAPAPETERS: 


FCC CEL = PANDO PECOVERY SATE IN YEAR 1 FOR ACULTS BANDED IN YAP I. 

eet * RAND PEL OVE®Y BATE IN VEAP T FOP SLAVIVORS OF COND § FANDED BEFORE Veer I. 
set) * SLOVIVAL PATE FOR ADLLTS IK VEae I. 

€*CT) = RAND PECOWERY BATE FCR YCURG IN VERO I. 

S*tt) © SURVEVAL @ATE FOR YOUNG IN VEaR I. 


STOUCTURE OF TeKE PCOEL UNDER M2 CIN TERMS OF FXPECTEO NUMBERS CF PaND PET URNSE® 





BANDED AS SDLLTS 


WELDERS CRD WELOSTR DF E2E WELPSCLOSC ZFC DB) WELESEROSEZOSC OPEC SD 
we2zverrrezy WE2ZESEZIFLD) WEZESTZISCIIE LSD 
WEDDFe era WEDESTOOF LOD 


BeWOEC aS YOURE 


wee as mELES* Certs MCLOS*CLOSEZIFCED «MC LOST CLOSE ZISC BDF Ea) 
wezerrc2r miZes*e2eecse MCZES*CZISC DIELS 


mc sbet ase MEDS CROFT SD 


if 
2) 
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ESTIMATES UNDER H2 Example 3.4 
rcae 
' we Cciemare STaeoaeo oS CONF [OENCE 
£8808... oe) 2) ) | 
1 ieee 
2 1990 C.0Tke 6.0099 6.6822 - 9.0909 
5 19S) C.07G2 0.0095 6.0815 - 6.0889 
+ 0652 6.0052 0.0095 6.0665 - 9.9039 
S 1959 ©.0e8s 0.00% 6.0699 = 6.0873 
& 195% C.OSR8 0.007 C.0390 = 6.00089 
1 1955 Clune 0.0190 6.1038 = 6.10275 
@ 19% C.07er 0.0102 C.0S07 - 6.0907 
6 1957 C.98s3 0.0007 6.0981 = 6.0726 
avrwece STamcard ot CONFIDENCE 
tsilealt cascr... ~~ SELES. 
- «© 0.07% 0.0036 0.0665 - 6.0808 § 
eran 
: owe State  ttst.506©6©60~” S#8 CONF 1OENCE 
— £8808. — = 
1 19? 0.00% 0.0088 C.06% = G.4008 
2 1990 6.0607 9.0068 C.0318 = 0.0099 
3 68951) | C. O66e 6.9103 6.0044 = 6.0847 
* 1982 0.0786 0. 0103 6.0301 = 06.0987 
$ 1983 C.08e8 0.0118 .0026 = 6.1971 
@ 19% C.4207 0. 00%¢ C.1C19 = 0.1996 
? £995 C.aSe® 0.0115 O.1943 = Cites 
# 1% ¢.1295 0.0485 0.1014 = 6.1057 
© 165? ¢.08Ts 0.0188 0.0086 = 0.1266 
averace STawcaeo eS COWF I DENCE 
E51isalé (36... hb EOvAL 
‘+ «© 6,0000 0.0037 0.0888 = 6.1039 $* 
preven 
t we estteatt  S¥andaeO = 68% COnP DENCE 
seeceess £8808. + SELESUAL... 
1 1969 0. 08%6 V2 0090 (.0600 = 6.0712 
Pd 1980 r.¢3e? oO. 29486 C.02768 = 3. 9526 
s 1981) C.Ones 0.0095 C.0160 = 9.0526 
4 19972 G.onTe 0.0597 c.0188 = 6.0809 
Ss 108) 6.0888 o.0127 c.00068 = 6,000) 
6 1866 ©. 0847 ©.04 35 ¢.0882 o.1812 
yr eet C00 0.008" C.0813 <= 0.08% 
’ 1¢%e c.o77s 6.0177? 0,008)? « 0. 996¢ 
s et? Cc. Cee @.008F c.0174¢ - 9.0519 
aveieact stewtare ot? CONF IDPENCE 
Litisals teece + S9LESEAL... 
feet © O.0feS 0.0036 0.0478 = 6.0081 
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sete 
estimate ST aN OaeO 95% COM 10EwCE 
Ee £808. ss) ) 
0. 8663 0.0783 0.7128 = 1.01099 
0.7573 2.0876 9.5855 - 0.9290 
0. 6693 O.4988 0.6123 = 1.4203 
0.79% 0.4179 0.5065 - 0.9606 
0.8770 0.1380 0.0066 - 1.167% 
0. S7% 9.9630 2.4128 - 0.7306 
0.6670 9.0077 9.4795 - 0.0505 
. 7807 0.4902 0.5199 = 1.0000 
av Fe ace STANOaRO 9ST COM) ENCE 
ESILIBAIE te208... ok BIE 414... 
* 0.767! ©.9170 0.7398 - 6.8003 
s*tas 
tstiwate iT.) o58 COMI DENCE 
— ~-£S808.. SSIES 
0. 7659 0.0745 0.5909 ~ 0.8909 
5.6065 0.0790 0.4695 ~- 6.79% 
0.7795 a. 4416 9.9572 = 0.9999 
0.7975 9.1074 0.5873 = 1.0079 
0.°372 9.i506 3.6016 - 1.9929 
0.4663 9.93899 O.3508 = 6.5778 
048120 2.0767 2.3018 - 0.0023 
0.6683 6.1086 9.4599 = O,8787 
everace Stanoero 958 COM TOENCE 
tSlisals  — ev) ) 
» 0.0006 0.0839 3.6220 = 7.7ee 
Whee MR OTHT Ra eT 
‘itieate) Stawoae® O88 COMPIDENCE 
eucsintion kano. vt) 
0.0609 9.0086 9.04465 = 6.0775 
5.90387 1.9453 7.0786 «- 1.0460 
0.9295 6.0057 5.00682 « 9.0996 
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Example 3.4c 


Cenacle GEESE BONTED IW SFESO8 OT Sweet Leek FEF UGE. 1945-57 


ESTIMOTEL APR 7EOD COV SPT OREES ONC COPPELL STEITRS URDE® H2 


! ve CoOwaere* ate. Fates CrePrare* cles eates Coweete ee rete, seaee C WETE* FF ERTS De S88 
' 194s 6, 9009080127 -3.0957117" 
2 ;os¢ =, 000003277 ~0. 046737690 ~O. 3900 be167 3. 796255779 
‘ is*i =C. Cucooe 184 “O.OF Lt T2098 -0. 0000 7e4 76 -3. 0846201991 
. 19%2 -C. COCO? 186 -0.076) 1540 -1, 090087698 0. 089525516 
s ss -C.O90CLE Ti« -).0971. s28 -0. 900 150440 -0,.08°980%04 
. 19% -0.C700107S 5 0. 19635 9499 -0, OO0L1471¢ 0.107771 8% 
’ 19% ~0.09031 0930 -~0. 0988S 7797? 9. 3930%6 Tes 0. 084110816 
4 eS ~0.90001126¢€ -0. 090914909 -6. 990125725 “9.0747 7T39e¢6 
, ise? -¢.cocooea73 =3. 957550717 
! ve COWOPEE** CC aokee Sethe CrePrer era detesseaee CVwOPTE FE Te ae. Sea ee peeTeer retorts. seine 
i oes 0.0960C39008 O.0rs7az9i9¢ 6. 690033695 0.08 F997 290 
2 1950 0. 990088S36 6.08 367F97T0 0, B90GSe 795 2.074927 9066 
‘ ssi ©.000123807 9.373809998 3. 3909927013 6.07 7980806 
‘ 19°? C.O00CI202046 ©, 084595651 0. 9008 S61 0.10¢€4559995 
s i9*} ©.000174791 C. 093 79SS06 5. 309180099 3. 190927074 
* 19% ©.000047282 0. 065081605 0. 0000 9% se8 5.9787 s0415 
’ 19% 0. 000100326 0. 089506179 &. 090081617 3. 90 7555009 
° 19S O.0CCOestoN 0.0515 70677 0.00003 305 6.05°S? te91 
' ve COWSORTFTTe Sete cCreerecre, seine CowaetSt leet teins CVPRTSTTD SFT TeLt 
i 1969 -6, 0002 99601 0. 510774679¢ 
2 190 9 .000209433 O- 2424677212 -0, 900077960 -9.57 8621459 
3 19*i ©.000800653 O.ed84631 508 ~0. 000799 585 -0. SOS95 2081 
‘ 1657 0.0006 94953 0. Se472 760279 -6. 090601078 ~3.53d0%6766 
$ 1953 9. 000716903 0. 9457587186 0,0905944660 -0.58*?791 211 
6 toss 0.070303996 C. 6056727811 -6, 000541 998 -0.40470586% 
’ 1955 0. 9906 99652 9.43 7S800% -0. 3966 33005 -O.63*?esen? 
et 19% 0.0007¢8661 0.52 7S01525 -0. 200757868 -0,.609903168 
' re COWRRTE CT eRe St Chee COOPTECLOLD S*tted COwOOTSCTE, St tenes CUPRISTEO SSE Leate 
' iss +0. COC200292 -0. 280809760 -0. 097995 S06 “3. 305650787 
2 19*0 -3.900301592 -0.. SOS Tasies -%. 0099174682 -0.51°1 49004 
5 951 -0.00Cbe%se6 0.6799 S066 -0, 008665 708 +0. 5477 Se0R? 
« 1957? -6.000681672 -O0.ede71 00190 -0. 00?eeeeis -0.4727527600 
5 19% -0.0006240186 ~0. 627878792 0. 096235 See ~0, S441 F247 
t 1e% 0. 000449060 ~0. SST bezies -0. 002 765458 0.340822 781 
’ 19%5 -0.020005898 -0.62190055? 0, 00 %004 112 -O.SiSde5711 
0 19% -~ 0.00662 5306 -©.65 7560223 
' ve CoWORTSETE SS Cte COP TStte Sette COwRPTS ELLE, Sates CWHISTT ORNS SUEDE 
i i949 6. 003056611 0.525986295 -5. 092189930 -0. 3344700%6 
? 19*0 0. cCoesS7TIe7 0.62921 5782 “0. 00672734657 -0. 45° ?eSsoe 
5 9% 0.c0977TeS8 0. 635100505 ~0. 997552 941 -0,. 57°12 027005 
‘ 19*? 6.007295091 0. 577188602 -0, 008329593 =0. 36 98660150 
5 1953 0, 010°S2902 0.586 3279901 =, 006664 006 -3.H0StP 2007 
e 19% 6.0022701828 0.49191 7ee9 -0.002249915 -O. 812279 79% 
’ 19*s 6.009067200 0.049001508 =-0.008422451 -0.s000S e038 
° 19% 5.00934 $986 O.e17s2 7068 
' ve COVARTFT ETS tT Ccererrere.seetee 
1 ieee -6. 006100019 ~6. 124008375 
2 19%0 - 0, OOCOS9 148 0. 970809992 
’ ort ~ 0. 000087990 -G.07esoseze 
‘ hesz -0. OOCO87 471 -0.083090728 
$ 19*s =~©. 0001382935 6. y89244906 
's 1o% ~0.000008722 0. 091199956 
: 1995 -0. 000080062 -0. 091 398080 

9% -6. 90C090879 -0.0791730273 

Tet A00VE O8f ESTIMATES OF SOPPL ING COVERT ENCES ONT COPPELATIONS SFT WEEN THE PamemETER OST tearces, 
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Example 3.4d 


Camede GEESE SORDED Pe- 380508 OT Seee Leek PPO, 1066-57 


“ares OF COTA ORL OES — 2OuLTS 





‘ 6.008 %6.00 37.00 W.08 42.0¢ 2.08 81%.00 i2.¢€ ?.o0¢ ? 96 2.90 3.008 
? 5.3 53. 00 4.99 46.90 26.00 17.90 9.09 14.08 9.0¢ 7.008 *.»9 $.36 
8 0.98 6.98 13.90 17.08 1¢.0¢ 6.08 17.008 10.08 «00 ?.00 1.09 1.00 
+ o.8 0.6 C.0 12.08 i2.0¢ % 98 214.00 ect 3. 3¢ 5.00 4.99 1.98 
« 6.8 3.6 0.9 8.0 22-060 187.00 720.0 18.08 6.00 +.00 «.99 4.98 
« o.¢ ®.9 6.8 6.@ 6.0 be. 00 $3. 008 *.co 7c 19.99 &. 00 2-98 
’ 9.0 8.3 6.0 6.8 c.0 &.6 *7. 0 eo ..ct 74.06 7.1.00 16.60 1s. 60 
« e.9 e.6 ¢.9 0.8 e.9 6.0 5.0 13.03 ve. Of 00 $.00 ¢.0% 
, 6.9 5.9 9,0 6.8 ce. 3.9 2.6 5.0 4.0C 77.60 17.00 e.06 


TATOTE OF FFPECTER RLU — eM Ts 





occaune seceesoeeescescecoese ° 
i o.06 44.33 oe .e) 32.60% 7+ 74 17.77 24, 7a *.*7 5.% 6.t3 +. 99 7» 
? 9.9 %.80 «47.276 68 c.77 1.1% w.2% 10.** 6. 7.8 +. 2.09 
’ ©.9 t.9 13.0% 71.7? '?.o« 1.90 t?.¢? *.4% +,e) *.?2 ?.*8 i.@? 
+ 8.0 o.3 3.9 17.9 i¢.a8 11.90 t8.97 $.e8 7) *.0) 2.%* io3S 
be 6.,® ¢.9 ©.9 5.9 22.0¢ 7.35 24,99 $.°¢ $.%? 6.78 4.37 7.95 
« e.8 c.9 5.3 9 9 m. 99 iw. 89 a.7” ‘oF #.14 6,7" 14 
o.6 t.0 6.9 o.¢ . +o $7.0 3. oC pe. 9" 77.0 6.13 19.40 
* 6.6 ¢c.@ 6.9 6.06 of 6.9 5.¢ 33.0¢ 79.08 Vetd 13.93 *.3? 
“ 5.0 ¢.o 2 6 . v.39 o.7 6.0 14.04 6.5? 15.66 io.” 


vareie °F STeeceee SO PPR OF WTATES © 2D * 


° +eecso oo oo co ooe- eee +eeececeee+ ceece + 
} 0.c© c.#*« - 7? 9.07 1o*P #2478 tet 4 e ofl 7S +0,86 5.1! 
? 6.0 €.00 -1.6* 1.7% -ct,7* -6. 91 1.7? 5. @9 ".9% +0,.18 «© 1.74 
6. ¢.8 f “1.0% . i-e7i +8 io*S >, -1.79 <3,% -95.«9 
S 6.90 o.u 6.909 -1.07 -3. 70 bed 0.9%? = te ry) ! 8 =o, 
« ©.0 c.@ ’ P o OC -%, 08 - %* '.*? 7, 0% 7% 1.o 
‘ %.0 Ce? 3.9 6.6 0.06 ue -t.0t ~4%t4 ) 6 i«* -0.66 
’ 6.¢ ¢.% . 9%. . >, o.¢ ot ' “1.276 «*’ 1.™ 
e d °.3 1. 4 . . - OC 1.3% . *“t.1) -1.%8 
0.° 6.9 ot Ce? 9 J me °% 5.11 «#9 -0.69 
earteizs oF Cate VUES =< FOF 
+ © Ome Oe Oe 6 ee ee oe 6 OO Oe + cee + eee oo ee ce 
i $9.0€ 44.00 7s 17.08 is. 11.9 ée 5. ‘ ; } ~%0 
, o. +00 ee, 14, 00 i’. Ls. o.¢ +, or ls . 1.00 
’ Pe Ce? ie 73.00 1S. On 1+.00 724.00 r.0€ +. 0 10.00 4. -o 
« 0.0 c.9 ‘ *3. Cf Of 1. 08 ‘’. 4,00 10.00 se 2.00 
) ) 7 . ! ”. 9. 17. , 13.98 i? 5.6 
6 0. c.® ’ 0 149,00 1 9 27.°¢ Lo b. if 6.9 
: o.0 _.. | i”. For ? — 13,9) it. 
a 0.0 & ct. >. 0 108 ..€ ‘5 uo” 16% 146.90 
+ ©.0 ¢.0 0 ‘ ih) ’ ii Er. 
eaters ~S tereerrer veLLri —~ TUS 
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f'' and S;’ are the recovery and survival rates, respectively, in year i for the subadults (1.e., survivors of young 
released in year 1 — 1); and 
f and S, are the recovery and survival rates, respectively, in year : for birds over 2 years old. 


The structure of the model under H, is expressed in Table 3.7 by the expected numbers of band recoveriex in 
terms of N,,M..f..f.f'.f'"'.S,,S;,S. and S;"’. 

Under this model the only parameters which are separately estimable are f.f'''.i=1,...,4; thus estimation 
under this model is of little interest and is omitted here. If assumption | of H, is true, then the H, and H. estimates 
will be biased, and it is therefore of interest to attempt to determine whether this assumption is necessary. To this 
end, the data can be used to compute a goodness of fit test to the H. model and a test to compare H. with the more 
general H,, (see Sectiun 3.7). 


Table 3.7. Expected numbers of band recoveries under H, for a banding study 
with k=3,- =5,s=0. 





Year of recovery 

Year Number — — ——— 

banded _ banded i a i Tea eee. ies 
Birds banded and released as adults ‘i-e.. as subadults or older) 

i N, Nfl’ N.S; f N,S;"'S.f, N,S;"'S.S.f, N,S;"'S.S,Sf. 

2 N: N.f""’ N.S." fi N.S:''Sf, N.S: ''S,S,f. 

3 N, Nf," N.S, "'f, N,S;"'S.f. 
Birds banded and released as young 

1 M, Mf, M.S; f-" M,S;S: f; M,S)S: Sof, M,S,S;'S,S,.f, 

2 M. Mf, M.S: f," M.S:S,'f, M.S:S; 'S.f, 

3 M. Mf, M.S; f;’ MSS, f. 

Goodness of Fit Test 


A goodness of fit test to H, is computed by the FORTRAN program BROWNIE. The test statistic is obtained by 
summing the chi-square values from a series of contingency tables, the rows of which cre obtained from rows of 
the recovery matrices in the manner described in Brownie (1973). Again, because observations in the upper right 
portion of the recovery matrices are frequently 0 or 1, pooling is usually necessary to justify the chi-square approxi- 
mation, and the FORTRAN program does this using an algorithm adapted from a method described in Robson 
(1971c). The program prints the contingency tables, as they appear after pooling, together with the chi-square 
value and associated degrees of freedom (see Example 3.5p). Pooling, if necessary, is accomplished by combining 
entries in the same row. Occasionally, if the data are very scant, pooling may result in a single column and no 
chi-square value can be computed. In this situation, the single column is printed together with the message “NO 
CHI-SQUARE COMPUTED.” 

Summing the chi-square va!ues and (separately) the degrees of freedom from the contingency tables gives the 
test statistic (printed as the “TOTAL CHI-SQUARE”) and its degrees of freedom. In Example 3.5p, the goodness 
of fit test to H, for the mallard data of Table 3.2 yields a total chi-square of 34.67 with 34 df, and under H,, the 
probability of a value at least this large is 0.46. Thus there is no reason to veject the H, model. 


3.7 Testing Between Models 


The models corresponding to H»;, He:, H,, H., and H, become increasingly more complex 2s the assumptions of 
the hypotheses become more general. For a given data set, if we use estimators from too simple a model (a model 
with too few parameters) they will be biased, but if we use too general a model (a model with more parameters 
than are necessary) the estimators will not be efficient ii.e., their precision will be unnecessarily low). In that we 
want to choose the simplest model that adequately describes the data, we must examine the results of the goodness 
of fit tests and of tests which compare one model with ancther as described below. 
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Each of the tests in this section compares a given model with a more general alternative, and “large” values of 
the test statistic indicate that the simpler model should be rejected in favor of the more gencral alternative. 


Likelihood Ratio Test of Ho, vs. Hez 


The simplest model introduced so far in this chapter is the H,, model which is compared with the H,, model by 
means of a likelihood ratio test. For large N, and M, the test statistic is chi-square distributed with k + ¢ — 2 degrees 
of freedom if H,, is true. In the FORTRAN program, this test is printed out after the goodness of fit test to H.. and 
before the H, estimates (see Example 3.5e). 

As mentioned in Section 3.4 the H,, model is apparently too simple for most data sets, and the test usualiy results 
in a “large” chi-square value and a clearcut rejection of the H,, model in favor of the H,. model. The assumption 
that adult and young recovery rates are constant from year to year is usually too restrictive. 

For the blue-winged teal data of Example 3.3 the chi-square value for this test is 72.72 with 17 df, and the prob- 
ability of a value this large, if H,, is true, is virtually zero. 

For the mallard data of Example 3.5e, the chi-square value is 77.35 with 16 df and again H.,, is rejected in favor 
of H,.. 


Likelihood Ratio Test of Ho: vs. H, 


The model under H.,.. is compared witii the model under H, by means of a likelihood ratic test. If H,. is true, for 
large N, and M., the test statistic is chi-square with degrees of freedom given by 

2k-4ifs=O0/ =k) 
2k-3ifs>OU >k). 

This test is of interest because, as mentioned 2arlier, results obtained by the analysis of a large number of data 
sets indicate that these two models are frequently the most useful, with respect to the criteria above. The test is 
also of interest because of the relationship of H,, to the “hypothesis of compensatory natural mortality.” Thus, the 
test of H,. against H, essentially tests the assumption that, in the presence of variable recovery rates, adult and 
young survival rates are constant from year to year. Rejection of the H.. assumption of a constant survival rate 
is necessary before it is possible to say that natural mortality does not compensate fully for variations in hunting 
losses. The proper formulation of, and testing for, additivity vs. compensatory mortality is dealt with in Anderson 
and Burnham (1976). 

Unfortunately for values of N, and M,, usually encountered in practice, the power of this test is low, i.e., the test 
is not very likely to result in rejection of H,, when differences between the annual survival rates are small. The 
test is computed in the FORTRAN program and the result is printed following a series of tests between H,, H,, H:, 
and H, (where H, is defined below) as indicated in Examples 3.5n and 3.50. 

For the blue-winged teal data of Example 3.2c, the test results in a chi-square value of 15.14 with 11 df (inadver- 
tently not photographed), and the H,; model is not rejected. In view of this result, che low recovery rates and hence 
low precision of the estimators, the H,: model is probably the most appropriate model for this particular set of data. 

For the mallard data in Example 3.5, this test is significant at approximately the 2% level (chi-square value = 
26.94 with 14 df, cf. Example 3.50), and the H, model is preferred to the H,,. model for these data. Having rejected 
the model under H,., we must compare the model under H, with the still more general models under H, and H,, 
as described brlow, before we can determine which is the most appropriate mc¢el for these data. 


Testing Between Hy, H,, H:, and H, 


Common to all the models introduced so far in this chapter is the assumption that survival and recovery rates 
are different for voung and adults, so that testing between the:2 models wiil not provide a test of this assumption. 
We therefore define the H, model, the assumptions of which are that survival, hunting, reporting, and hence 
recovery, rates are year-specific but independent of age. The model under H, is equivalent to assuming Model 1 of 
Chapter 2 applies to the pooled adult and young recovery data. Like H», and H.., this leads to a model which is 
simpler than the H, model, but which is not comparable with the H. and H,: models. The test of H, against H,, tests 
the assumption that annual survival and recovery rates are independent of age. We also test H, against the more 
general H., and H, against the sti!l more general H,. 

These three tests are not likelihood ratio tests; rather they are analogous to the goodness of fit tests to the models 
under H,, H., and H, referred to above. The derivation of both these tests between models and the goodness of fit 
tests to these three models is out’ ed in Brownie and Robson (1976). 
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H, US. H, 


The test of the null hypothesis that the H, model fits the data against the alternative H, model (or H, vs. H,) is 
based on a statistic obtained by summing the single degree of freedom chi-square statistics from each of the 2x2 
contingency tables given by 


























R.' N-R. | N, 
----+--------]--------- ,i=1,...,k,and 
a : Mi -Q, M, 
Ni + M; 
wi! Ze, 7:+U,-Q 1,...,k-lifs=0 
i = 
----}--------|--------- i= 
Q., ; Q:. - Qi Qa Ba ccogt ifs>0, 
T,+U; 


where Z,.,=7,+U,-Q, —W,, i=1,...,&. 

The contingency tables and chi-square values are printed together with the total chi-square and degrees of free- 
dom as in Example 3.5n. For the mallard data of Table 3.2 as shown in Example 3.5n, the contingency tables for 
i=2are 
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with chi-square values 2.747 and 14.371, respectively. The total chi-square for these data is 129.853 with 17 df, and 
if the model under H, is true, a value this extreme is highly unlikely. In Example 3.5, the model under H, is rejected, 
and we infer that survival and recovery rates are different for young and adults. 

Note that although the test is based on the total chi-square value, information concerning particular years of 
the experiment may he obtained by examining the chi-square values from the contingency tables individually. 
This may be of more value in testing H, against H, (see below), but we indicate here how each of the contingency 
tables above is associated with a particular yea ; of the experiment. 

The first series of contingency tables tests the equality of the ratios R, /N, and Q, /M,, where R;, /N, is the propor- 
tion of the adults released in year i which are subsequently recovered, and Q, /M, is the proportion of the young 
released in year i which are subsequently recovered. 

Clearly, if survival and recovery rates are the same for adults and young in subsequent years (i.c., /=/, S,= S;, 
j=1,...,¢), these two fractions will have the same average or expected value. 

The second series of tables tests the equality of W,/(T, + U, — Q,) and Q./Q, , where the former ratio is the propor- 
tion of the total recoveries from banded adults alive at the start of year i (including survivors of previously released 
young), which were recovered in year i, and Q,,/Q, is the proportion of the total recoveries from the young released 
in year i, which were recovered in year i. If f = f’and S, = S;, these fractions should not differ significant ,. 
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For example, the contingency table 














for i=4 (year 1966) of Example 3.5n gives a large chi-square value of 42.149. Examination of the H, estimates 
(Example 3.5f) suggests this may be due to an unusually high estimated adult survival rate (S,=0.8051) i in 1966-67, 
reflected in the fraction Z;/(T, + U; — Q,) = 316/481; and also to a high estimated recovery rate for young /,’ = 0.1274, 
reflected in the fraction Q::/Qs = 153/259. 

The anaiysis of a large number of data sets with program BROWNIE indicaies that this test is always extremely 
significant, and hence that there are real differences in the survival and recovery rates for young and adults 
of a broad range of species of waterfowl. If, however, this test did not result in rejection of Hy, the data for young 
and adults should be pooled and analyzed by the methods of Chapter 2. 


H, US. H; 


The test of the H, model against H. is based on the sum of the single degrees of freedom chi-square statistics 
obtained from the contingency tables. 














Ri, ! R,. - Ri R; 

——_—e— eee hee we we —— ee ee ee 

W, — Ri Zi i-R, +R; T7,+U;- -Q- —-R, eon 
~ T+U-Q=WitZ., °' (2...k  ife>k. 


This sum is printed by the FORTRAN program as the “TOTAL CHI-SQUARE” with the degrees of freedom which 
are k-2 if /=k and k—1 if />k. Each of the contingency tables and corresponding chi-square values are also 
printed, and as described above, the individual chi-square valu>s may contain useful information. 

The individual chi-squares test the equality of the ratios Rj/R;. and (W,— Ri) /(T, + Ui— Q,. — Ri, where Ri/R;. is 
the proportion of the total recoveries from the adults released in year i which were recovered in the year immed- 
iately after release (i.e., in year i), and (W, — Rj,)/(T; + U; — Q;. — Rj) is the proportion of the total recoveries from the 
adults alive at the start of year i, but released before year i, which were also recovered in year i. Under H,, if f''’= 
f, these two fractions should not differ significantly. 

In Fxample 3.50, the test of H, vs. H. gives a total chi-square value of 14.766 with 7 df. The probability under 
H, of observing a value larger than this is 0.04 and we would usually reject H, in favor of H,. However, examining 
the individuel chi-square values we vee that only one of these is significantly large, namely the vaiue from the 
i= 8 table (corresponding to the year 1970-71) which is 9.856, and which constitutes a large proportion of the total 
chi-square value of 14.766. Note that this corresponds to the year for which the difference between the H; estimates 

‘and f, is greatest (viz f= 0.0464, ft’ = 0.1034). This suggests that the bias of the H, estimators of f, and S, is 
sechehiy small except for this year. In view of the poor precision of the H; estimators the H, model is probably better 
fur these data, although the test of H, vs. H, would, at first glance, suggest that H, is not appropriate. Before decid- 
ing that H, is the mode! to use, however, the goodness of fit tests and the test of H. vs. H; (see below) should also 

o axair’ “ed. 
wn 3.6 contains a data set for which the H. model does seem to be appropriate, and this test of H, vs. H, 
i iiscussed there. 


H, Us. H, 


This test of H, against the alternative H, is based on the sum of the single degrees of freedom chi-square statis- 
tics obtained from the contingency tables 
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The above tables and corresponding chi-square values are printed by the FORTRAN program together 
with the .otal chi-square value and degrees of freedom which are k—2, k—1 ork if (=k, /=k+1 or />k+1, 
respectively. 

The individual chi-squares are sensitive to differences between the ratios f''/S/' and f;/S;, where f’’ and S/; as 
defined in Section 3.6, are rate parameters for subadults. Thus, if survival and recovery rates are different for sub- 
adults as well as for young (i.e., if f'’ + f,, S)' = S;) and if f''/S;' # f//S;, then the test should usually result in rejec- 
tion of H, in favor of H; (if banded samples N; and M; are sufficiently large). 

The test of H, vs. H; for the data of Table 3.2, as given in Example 3.50 shows that none of the individual chi- 
square values nor the total chi-square value, is significantly large. Thus, there is no reason to reject H.. This 
result is typical of the analysis of most data sets for a broad variety of waterfowl species, and there does not seem 
to be an indication that subadults have different survival and recovery rates than older birds. The H, model ap- 
pears to be too general for these data. 


An Example 


Example 3.5 consists of a complete output from the FORTRAN program containing the analysis of the data of 
Table 3.2 and has been referred to in most of the preceding sections. Here we illustrate how the complete output 
is used to determine which model is the most appropriate for a given data set. 

Note that the H, adult recovery rate estimates /, are slightly larger than the corresponding H, estimates, except 
for f.= 0.0888 which is considerably larger than the H, estimate of 0.0464. This is accow ted for by noting that 
except for i = 6, the H, estimates of recovery rates for newly released adults, fi’; are larger than the corresponding 
H, estimates fi, with /,’’’ considerably larger than f,. There is therefore some indication that recovery rates are 
higher for newly banded birds. 

Note also that the confidence intervals based on the H, estimates of survival rates are large, and in some in- 
stances contain inadmissable values (i.e., values greater than 1). Comparison of the standard errors and confidence 
intervals for the H, and H: estimators shows that the loss in precision incurred by using the H: estimators is con- 
siderable. For example, under H,, se(/.) = 0.0092, se(S,) = 0.1134, se(S;; = 0.0594, while under H:, se(/,) = 0.0165, . 
se(S,) = 0.1377, se(S; ) = 0.0834. The decision to choose model H, over model H. for this data set must take into 
account the tradeoff between the decrease in bias versus the loss in precision associated with use of the H, estizators. 

Note the high estimated sampling correlations between / and S,, denoted by CORR(F(1),S(I)) in Example 3.5g. 
These correlations make it virtually impossible to use the estimates /, and S; to obtain information about the rela- 
tionship between parameters fand S. 

The goodness of fit tests to Ho, H,, H:, and H, on Example 3.5p show that the H, model is inappropriate (chi- 
square = 182.27 with 65 df) but do not indicate a lack of fit to any of the other models. The test of Ha vs. Ho: in 
Example 3.5e rules out Ho. The goodness of fit test to Hy. (Example 3.5e) and the test of H.. vs. H, (Example 3.50) 
show that H, is preferable to H... Comparing H, with the more general H: shows that except for 1 extreme year (or 
possibly 2 years), the H, model seems adequate. Lastly, comparing H: and H; does not indicate any reason for 
using H; instead of H.. Thus the best model for these data (with regard to the conflicting aims of minimizing bias 
and maximizing precision of the estimators) is that under either H, or H,. In view of the low precision of the H, 
estimators, H, seems preferable. 
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Example 3.5a 


THIS TUTPIT REPRESENTS A STATISTICAL ANALYSIS OF BANDING DATA WHEN ANNUAL RECOVERIES ARE RECORDED SEPAPATELY FOR BIRDS 
BANDED 4S ADULTS AND FOR BIRCS BANDED AS YOUNG. DIFFERENT ASSUMPTIONS ABTUT ANYUAL SURVIVAL AND RECOVERY RATES CIVE RISE 
19 A SERIES TF HYPOTHESES AND & CORRESPONDING SERIES SF STGCRASTIC MODELS. ESTIMATES OF SURVIVAL AND RECOVERY RATES ARE 
COMPUTED FOR #NST MODELS AND THE ASSUMPTICNS OF THE HYPOTHESES APE EXAPINED BY TESTS 9F GNODNESS OF FIT TD THE MODELS AND 
SY TESTS 17 DISCRIMINATE BETWEEN ALTERNATIVE PCDELS. 


DEFIAITICNS AND NOTATION 





THE “UDELS ARE DEFINED IN TERMS SF TWO BASIC PARAMETERS= S, THE ANNUAL SURVIVAL RATE, AND F, THE ANNUAL BAND RECOVERY 
RATE. THAT IS, FOR A BIRO ALIVE AT THE START MF A YEAR, S IS THE PROBABILITY IT SURVIVES THE YEAR, AND F IS THE PROBABILITY 
IT IS SHOT AND ITS BAND RETURNED TC THE BIC BANDING LABORATORY WITKIN THE YEAR. A *YEAR* IS THE PERIOD BETWEEN SUCCESSIVE 
BANDINGS. OR BETWEEN AKNIVERSARIES CF THE BANDING TIME. DIFFERENT ASSUMPTIONS ARE MADE ABOUT THE VEAR-SPECIFICITY AnD 
AGE-DFPENDENCE OF S ANC F UNDER EACH HYPOTHESIS AND THE RESULTING PARAMETERS ARE DEFINED SEPARATELY FOR EACH HYPOTHESIS. 
IN GENERAL, AN INDEX ON 5 OR F DENOTES VEAR-SPECTFICITY, AND & SUPERSCRIPT * DENOTES AGE-DEPENDENCE. FOR EXAMPLE, S(T) 

1S A SURVIVAL RATE FCR VEAR I, AND S*( 1) ES A SURVIVAL RATE FOR YOUNG IN YEAR I. 


THER NOTATION WHICS IS COMMON T9 SLL MODELS FCLLOWS. 


« THE NUMBER OF YEARS OF BAKDING 
L THE NUPBER OF YEARS OF RECOVERY 
NOn) THE NUPBER OF ADULTS BANDED AND RELEASED AT THE START DF WEAR Ty Tle eoeeKe 
s(t) THE NUPBER OF YOUNG BANDEC AND RELEASED AT THE START OF VEAR Ty LeleeseeK. 


ReOwtI) ROw TOTAL OF THE RECOVERY MATRIX FOR ADULTS, OR THE TOTAL NUMBER OF RECOVERIES FROM THE ADULTS 
RELEASED IN YEAR I, LelheecooeKs 


Rt.) SAME AS RROWCID 


QROw«I) ROw TOTAL OF THE RECOVERY MATRIX FOR YOUNG, OR THE TOTAL NUMBER OF RECOVERIES FROM THE YOUNG 
RELEASED IN VEAR Ie T#leooeeK. 


ott.) SAME AS CROWIT) 

RCOLCE) COLUMN TOTAL OF THE RECOVERY MATRIX FOR ADULTS, I®lescoels 

OCMLCT) COLUMN TOTAL OF THE RECOVERY MATRIX FOR YOUNG » [*leoseels 

Otter) NUMBER OF RECOVERIES IN YEAR I FROM THE YOUNG RELEASED IN VEAR Ty Teh secoeK. 


wit) PRCOLITPCOCOL(TI-OCI,id= TOTAL NUMBER OF ADULTS RECOVERED IW VEAR I, (INCLUDING RECOVERIES 
FROM SURVIVORS OF YOUNG RELEASED BEFORE VEAR I), Telecee sk 
Tan BLOCK TOTAL CF THE RECOVERY MATRIX FOR ADULTS, OR THE TOTAL NUMBER OF RECOVERIES IN VEARS 1 19 1 


INCLUSIVE, FROM ALL THE ADULTS RELEASED IN VEARS 1 TO f INCLUSIVE. 


va BLOCK TOTAL CF THE RECOVERY MATRIX FOR YOUNG , OR THE TOTAL NUMBER OF RECOVERIES IN VEARS I TO L 
INCLUSIVE, FROM ALL THE YOUNG RELEASED IN VEARS 1 TO If INCLUSIVE. 
zat eTCTDOUt TL P-RROW EE D—CROW ET D-OROWL TL) POC E<1,I-1), A TOTAL INVOLVING BLOCKS FROM 


BOTH DATA ARRAYS. Le2ecce ek 


BEST GePY AVAILARIE 


CHAPTER 3. MODELS FOR BIRDS BANDED AS YOUNG AND ADULTS 


acurs inPul weteixz 
ise3 71. io. 13. e. 
194 8=—6.649.. o 8. 2i. 
1ses ers. .. S. 3. 
1966 sso. o. °. °. 
i967 $43. Oo. °. °o. 
ise8 1077. o. o. o. 
1965 12°50. o. c. o. 
isto o38. o. o. o. 
i971 3i2. o. o. Oo. 
YCUNG INPUT PaTeix 
1se3 "62. 83. 35. is. 
1906 702. 0. 103. 21. 
1965 1132. o. 0. 82. 
is66 1201. °o. o. 0. 
1967 i159. o. °. o. 
see 1*5. °. 5. °. 
i969 18. °. o. °o. 
19700 906. °. °. °. 
i978 2*3. c. o. o. 
Aestc SUPTOTaLS 
1 PRrwtid PCOLETD Cawene 
1 37.90 13.00 175.00 
2 131.00 71.00 166.00 
5 1461.00 1.0€ 205.00 
‘ ice.90 1106.06 259.00 
s 140.00 115.00 194.00 
6 159.00 141.00 226.00 
? 199.0C 197.00 191.00 
e 119.70 218.00 120.00 
s 21.00 113.00 38.00 


THE HYPO TRESIS HOE 


OSSUMPT TONS: 


2) 


PARAMETERS: 


el 


1. i. 
ie. 1s. 
39. 23. 
«4. 21. 

o. ss. 

c o. 

c. 9. 

°. eo. 

o. °. 
is. 6. 
i3. il. 
ve. 26. 

i153. x”. 

Go. 109%. 

°. °°. 

oe. 0. 

3. 3. 

o. 3. 

ecoutt 

*3.00 
132.00 
121.99 
218.00 

$1.00 
213.00 
2¢¢.00 
227.00 
121.00 


Example 3.5b 


PALE M2LLORDS BONDED PRESEASON IN THE SAW LUIS WALLEY, C178009 


3. i. 2. °. 

13. e. i. i. 
is. tt. 19. e. 
22. 9. %. 3. 
39. 23. il. 12. 
te. 6. 2%. is. 

0. Wl. S59 3. 

°. Oo. . 22. 

°o. eo. o 2. 

8. 5. 3. 1. 

8. 6. 6. °. 

24. = Se is. 4. 
22. %2he tee 8. 
38. =e is. 1. 
113. eo. 29. 22. 
0. 12%. 45. 22. 

S. o. 3. 25. 

6. o. °. 38. 
man wt eft) 
37.00 175.00 19.09 
15*.0C 260.00 106.00 
268.00 327.99 120.00 
275.0C 465.00 165.00 
315.00 461.00 197.00 
355.0C $78.00 261.00 
388.00 $56.00 339.00 
310.00 310.00 350.00 
113.00 121.00 196.00 


$s * CONSTART ORNUSL SLEVIVAL ROTE FOR ADLLTS 


+ oe 
s* * 


STRUCT TUPE TF THE PCDEL WINDER 491 


———— 





FONMET #5 ACULTS 


CONSTANT BOND CECIVERY BATE FOR SDULTS 
COASTANT ahhUe SUPWEWAL FATE FOR YOUNG 
CONSTONT POPC SECT VERY 2aTE FOR YOUNG 

















wee wehose weLisse WC LOSSSF wcieee 
wiz wi2ie wt2SSF 
weser wtdise 
ESTIMATES UNDER HOI 
eee —— - See eeeceere 
‘ RECOVERY BATE FOR SOULTS 
estimate Stawoaen 95% CONFIDENCE 
erene Inteevar 
cee eooee = —- 
0.0677 0.0023 0.0631 = 0.0722 
5 SURVIVaL RATE FOR ADULTS 
estimare sTancaro 958 CONFIDENCE 
eaane InTEQvaL 
- oer cece oeoee ee ewes ower oce 
0.0489 0.0115 0.6204 - 0.6715 


ESTIMATED COVARIANCES GND CORRFLATICNS UNDER HOI 
cover,ee 
=0. 00000000 


COVIF, ta 
~0. 00001545 


COVES, S*8 
0. 00000370 


THE ABOVE GRE ESTIPATES OF THE SAPPLING COVARIANCES AND CORRELATIONS GETWEEN THE PARAMETER ESTIMATORS. 


MUPSEP OF ITERATIONS COMPLETED © 4 


REST CSPY AVARLABIE 


comnts 
commen 


comnis,s*) 
0.0129 


YOUNG OND ADULTS HAVE DIFFERENT SURVIVAL ONO RECOVERY PaTrS 
CTFERWISE. SUPVIVAL AND RECOVERY RATES OPE CONSTANT FRCe YEAR TO VEaR 


TIN TECHS WF EXPECTED NUPREFS CE GAO BETURYSE: 


Ba,DED aS YOUNG 


stListe mCLds* se “CL0S*° SSF 
mc2ner “C205°F s1208°S* 
caper “caste 

















FY —s RECOVERY OTE FOR YOUNG 
r-tieare STaNoaRd 958 CONFIDENCE 
enane Im TeRvad 
0.1030 0.0033 0.0%6 e 0.1093 
s* SuRViVeL RATE FOR vOuNG 
estimate STANDARD 958 CONFIDENCE 
anne Imre nwat 
0.5403 0.0250 0.4013 al 0.5092 
#3") connie, s*) 
<Sresoerest m0. S082 
Cowes ert) Comme see) 
Sreseseoes scenes 
coweresses Comneee sts 
=0.000006 36 -0. 0786 


STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 3.5c 


PALE PXLLARDS BANDEC PRESEASON IN THE SAN LUIS VALLEY, COLORADO 


THE HYPOTHESIS 02 





ASSUMPTIONS: (1) YOUNG ANC ADULTS HAVE DIFFERENT SURVIVAL AND RECOVERY RATES 


(2) SURVIVAL RATES ARE OTHE®RISE CONSTANT FROP YEAR TO VEaR 
(3) RECOVERY RATES ARE YE OR-SPECIFIC 


PARAMETERS: 


s = CORSTANT SNNUAL SURVIVAL RATE FOR ADULTS 

FLT) = BAND PECOVERY RATE IN YEAR I FOR ADULTS 
= CCASTANT ONNUSL SURVIVAL BATE FOR YCUNG 
= BAND RECOVERY RATE IN VEAR I FOR YOUNG 


STRUCTUPE OF THE PODEL UNDER HO2 (IN TERMS OF EXPECTED NUMBERS CF BAND RETURNS): 





PANCEC @S ADULTS BANDED AS YOUNG 
WELDF CL) WELISEC2) WE LDSSEC3) NOCLDSSSFI4) MCLOFS CLD «=«=60mCLOS*FCZD «= MC LOS*SE4S) =| EL OS*SSFCG) 
Wt25€ (2) NC2)SF03) NCZISSFCG) me2neet2y mC20S*°FC) “120S*SFI4) 
wesercs) NESDSFIG) MESFET E SS MC SNS*FCS) 


ESTIMATES UNDER HO2 



































Ft PECOVERY RATE FOR ADULTS Fett) RECOVERY RATE FOR YOUNG 

esteware sTanoaec 95% CONFIDENCE ESTIMATE STaNoaRo 95% CCNFIOEACE 
1 vear ERR oR INTERVAL Erane INTERVAL 
1 19¢7% 0.04629 0.0133 0.0169 = 6.0690 0.08655 0.0090 6.0679 = 0.1031 
21966 8 0.98046 0.0077 0.0654 = 0.0955 0. 1468 0.0133 9.1208 = 90.1728 
31965 §=0.0565 0.0052 0.0667 = 0.0670 0.0736 0.0077 0.0585 - 0.0988 
& 1964 0.0644 0.0051 0.0543 - 0.0745 0.1270 0.0096 0.1083 = 06.1458 
$1967 0.0690 0.0045 0.0512 = 0.0687 0.0891 0.0082 0.0730 = 06.1051 
6 1968 0.3669 9.0044 0.0591 = 0.0756 0.0998 0.0088 0.0825 - 0.1170 
71946 80,0769 3.9946 0.0680 = 0.0859 2.1093 9.9093 9.9917 = 9.1275 
® 1970) «690,0794 0.0048 0.0700 - 06.0868 0.1047 0.0192 0.08468 = %.1246 
9 1971 0.0534 0.0043 0.0450 = 0.0618 0.1076 0.0165 3.0753 = 0.14600 

AVERAGE STanoaro ©5f CONFIDENCE AVERAGE STawoaRD 95% CONFIDENCE 

FSTIMATE Eeanr INTERVAL ESTiPvate Ereor InNTERVaL 

F = 0.06466 0.0026 0.9595 = 0.0696 id = 0.1068 0.0035 0.9975 += O.2108 
$ SLAVIVAL BATE FIR ADULTS s* SURVIVAL RATE FOR YOUNG 
ESTIMATE STanwOard S5f CONFIDENCE ESTivate Stanocaaecr 95@ CONFIDENCE 
Free INTERVAL Erene INTERVAL 
9.4515 0.0120 0.6280 = 0.6751 0.5415 0.02%) 6.4922 = 06,5907 


REST C&PY AVARADIE 





SELECTED ESTIMATEC COVARIANCES AND CORRELATIONS WHDER HO2 


euw@wreuwnee e@eautaerune~ S®@eaeuwtawtaewewen feat aranenna 


e+? erene = 


THE ABOVE APE ESTIFATES OF THE SAPPLING COVARIANCES AND CORRELATIONS OE TeEEN THE Panaue Tee EsTimaroes. 


SUPBER CF TTERATIONS COMPLETED « 


REST es 


CHAPTER 3. MODELS FOR BIRDS BANDED AS YOUNG AND ADULTS 


veae COWEFITD.S) 
1%63 -0. 


vear COvtftiis.s) 
~G. COOOCI 99S 


1966 -€.0000C250 
1s65 -0.CO0000T! 
1966 -~ 0. 00000068 


1967 0. COOOCESO 
1see# 0. 00000126 
1s6s 0. 00000184 
1970 0. 00000123 
1971 0.0 


vear COVIFC TD SFT Ctoe 
.] 2 


1963 - 0000001 
1966 ©. 00000087 
1s65 0. 00000026 
1Se6 0. 00000054 
1%? 9.00000028 
see 6, 00000021 
1%6¢ 9.00000005 
is7o - ©. 0OCOCOO? 
is? 0.0 

yges wet jas LT Ld feiss 
1964 0. 00000037 
1965 €.C0000037 
1S66 9. 00000030 
1%? €.0M00C020 
1ser 6. 00000006 
1969 = 0. 0000C005 
1870 0.0 


1963 -©. 00000183 


1566 ©.0000C O31 
1$65 Cc. cooocose 
1906 0. 00000201 
1%? 9. 0OCOC235 
ise 0. 00000323 
1946S ©.00000442 
isTo ©. 000006s®e 
cOvis.s*) 
C. 00008 0629 


fy 


Y AVAMLABIE 


Example 3.5d 


Comarrits.s) 


-0. 0157 


CORRIF* CLD, S? 
-0. 9185 


~0. 0157 

-0. 0077 
“0.0062 
0. 0061 
0.9120 
0. Ole6 
0.9101 
0.90 


COMMIFETDSE*C EDD 
o. 


CORRLF LTD Ft toned 
0. 0008 


COMMIFL TE FiLeL) 
-0.0179 


6. 0078 
0.0308 
0.0876 
0.1184 
0.1504 
0.2015 
0.2219 


comeis,s*) 
0.0209 


COwiFtts.s*) 
0.00000250 
-0.00003531 


-0.0000 3428 
-0.00002673 


Covi cti.s*s 
-0.90000730 
-0.00001118 


-6.03090207 


COWEFT TOLD Ft CteD 
” 


ees 8? 


COWLPC Ed Ft 
00006 


COMA IF ITD. S*) 
0.0075 


COMMIT Crd. Ss") 


-0.0327 
-0.C33e 
0.0263 
0.0384 
-0.C313 
-0. ozo? 
0.0222 
-0. 00F1 
9.0 


Cumnaresegd oe 606 


-0.0 


COMREF TTD FOC tene 
0.0023 


0.0019 
0.0019 
6. 0020 
0.0017 
6.0015 
0.0007 
9.0 


COMRIFULI FC tezt) 
-0. 9003 





STATISTICAL INFERENCE FROM BAND RECOVERY DATA 95 


“ateis OF C8Ve HALES —- 400LTS 





i 10.Ce 13.00 6.90 1.00 1.06 3.00 14.00 2.06 6.0 

? 6.0 ‘S00 21.08 6-08 15.00 13.080 6.09 1.00 1.00 
5 6.0 CO %.00 %.08 23.00 18.00 11.00 19.00 6.00 
‘ 6.0 c.0 6.06 %.8f 21.00 22.00 %.00 4.0 14.¢¢ 
s o.0 c.0 c.0 6.0 54.00 9.00 25.00 11.00 12.00 
e 0.0 2 0.0 6.0 66.00 46.009 279.00 18.0¢ 
’ 0.0 e.9 6.0 0.8 5.6 6.0 101.00 %%.06 30.00 
. o.¢ os 0.0 0.0 c.0 0.0 6.0 97.00 22.00 
6 6.0 6.90 6.0 6.0 c.0 3.9 9.0 5.0 21.00 


“2781s OF FEPECTED WOLUES — S0ULTS 


$98 O2.48 5.57 €.52 2.90 t.08 i-de G.5) 6.460 
0.0 S221 24.04 17.75 OC.7¢ 7.82 $.86 5.96 1.73 





eae eter 
: 
2 
© 
: 
? 
4 
f 
- 
£ 
: 
5 
a 
$ 
a 
2 
s 


“278s OF STeNbere SOerm ClWTETES <— a0 TS 








i 0.0% 0. 0.18 -1.95 -¢€.95 6.886 <0.3' i-t4 0.63 
? 6.0 c.e4 -60.45 -0.42 1.%4 1.6 6.06 “1.69 -6.9% 
5 0.0 6.¢ ou 6.51 10 «66.41 «4-06.57 6.e1 1.26 
- 9.9 6. 0.0 1.0% =t.43 1.38 1.01 6.19 -0.0 
s 0.8 e.9 c.0 6.0 -6.271 -0.353 <1.43 =<?.16 0.98 
. 0.9 ¢.9 6.0 6.0 6.60 8.73 =-3682 <1.23 0.33 
’ 0.0 C.o c.0 6.06 t.0 6.0 o.S1 -6.72 0.32 
. 0.0 c.0 e.0 o.0 t.® 6.90 3.0 2677 1.08 
© 6.0 c.8 6.0 0.0 0.0 o.°0 6.0 0.0 1.08 
<etetn OF Cats WRLUES — YOUNG wer 
| 3.00 95.00 18.00 6.06 6.00 6.00 $.00 5.00 1.0€ 
? 6.0 103.00 21.00 13.00 11.00 6.00 *.00 *.ce 6.0 
, 6.0 6.0 82.90 36.00 26.00 26.99 15.09 19.00 4.06 
. 6.0 6.0 6.6 5S.0¢ 27.00 71.00 16.00 6.0¢ 
) 0.0 c.0 6.9 & 106.00 38.99 81.00 15.00 1.0¢ 
. 6.0 6.0 c.0 6.0 c.o 113.00 664.00 279.00 277.00 
’ 6.0 t.e 0.0 0.0 6.0 6.0 124.00 45.00 27.00 
6.0 c.0 6.0 6.0 c.0 6.0 o.0 %.00 25.00 
. 0.0 c.0 0.0 6.0 0.0 6.0 0.0 o.¢ 38. OC 


TeTels OF ERPECTER VUES <= YOUNG 





' 62.277 41.90 09.279 4.26 6.64 6.76 ~~ te 1” 
? 6.0 103.06 71.61 05.95 s.e7 7.03 $.27 1. 1.9 
5 6.9 0.0 83.96 39.68 23.94 87.60 15.06 *.7? 3.0 
. 6.0 0.0 1*7.97 98.99 28.33 24.24 14.78 6.28 
a 6.0 ct. 9.0 0.0 106.81 45.41 382.95 21.09 9.998 
. 6.0 0.0 0.0 6.0 C.0 B05.28 O6.52 32.95 04.17 
’ ©.0 ct. 0.0 6.9 c. 2 125.068 68.61 71.90 
. 6.0 c.e 0.0 0.0 €.0 . 4.87? 2.18 
s 0.0 co 0.0 0.0 c.0 6.0 o.¢ o.¢ se.0c 


earete (8 ST enperD oe | Stveates - WuNG 


0.08 oe - O.de 0.47 +¢€.90 o.e9 o.16 =6.09 0.35 
0.0 “6.01 0.15 0.75 c.«s 6.37 3.32 i698 8.2% 





ee4t* ef? eue 
° 
- 
7 
2 
? 
° 
? 
° 
$ 
: 
© 
> 
: 
< 
3 


THESE STONCOPD HORPR OFV TOTES ant oy FrerINtNG THE aGerrerNT eae THE SOE. O40 THE GRSEOVED Date 18 4 PRR TICULOF 
ChLL. POP FRAP E, & VLU OF Sar «* FOR 6 gr irterhy CELA POY PHDECATE G8 URUSURL CR OPOVATION OF, PreHers, & FTSTORE wet Pane 
1% SURPORT TING THE DOTS, TF THE SOPEL 15 COSPETT, A8OUT OSE OF THESE STATISTICS SHOUD LTE WITHIN THe Ewrrewa, «7 FO 2, 


Cwt-seuert GCOMONESS OF FIT TEST DF THF BODE, wROFe wO?. 





iwi-souert weiut + 63.57 
piSeseh ite. oo . CHt-seuee veLUt Leecre free 8665.57 © 6.08087 


LOCELEPTOD FETED TEST OF OL WS HOR. 





THES TEST COMPARES THE CODE, UNDE HOL wITY THet uNDEe HO? wus TESTS THE atGUROT IW feat ' 
260 YOUNG PROOVFEY PETES OFF CONST ORT FORe HEeP TO TEGR. & *LOPGE’ Crile SOUERF VeLUE PHDICETES 
40? SETTE® DOESCOTOTS THE DOTS GHD THAT SHCOWERY FATES GRE HOT CONST ONT Fene vree TO VEaF, 
Crl-sOuGrt veLUE « een 

. 


Peneeen ity OF « Coreseunt veLut Leecre Teew 877,95 © 6.8 


REST CEPY AVAHLADIE 








96 CHAPTER 3. MODELS FOR BIRDS B.‘NDED AS YOUNG AND ADULTS 


Example 3.5f 


“SLE #OLL ARDS BANDED PRESEASON IW THE SOW LLIS WALLEY, COLORADO 


TE HVON THESIS m1. (SEE BROWNIE OND ROBSON, 1974. CORWELL SIOMETOICS UNIT PEPER WD. BU-S14—") 





ASSUMPTIONS: CL) ANNUAL SUPWIVAL SYD RECOVERY FATES APE VEAR- SPECIFIC. 





(2) YOUNG BIRDS HOVE CIFFE®ERT SURWEWAL OND PECOVERY @ATES FED THOSE “F SOULTS. 


PeROrPETERS: 
Fairs = SO8D PECOVERY BATE FOR ADLLTS I8 VEOP I. 
sete = SUPVEVAL BATE FOR ADULTS TR VEe® fT. 
F°Cts + BOND PFOCOVERY BATE FO® YOUNG Tm Veer 1. 
S*tts = SUPWEVAL BATE FOR YOUNG IW vEaR 1. 





STOUCTURE OF THE FODEL UNDER HL (IW TERHS OF EXPECTED NUMBERS OF BAND ®E TURNSI: 





PaNDED 45 ADULTS 


weiprans WEhetcinec2y SCLOSCRISCZIFCSD «=«=6wELOSECLOSEZOSE DDE CS) 
wei2net2s wt2e Sez Cd) WEZIDSEZISEDIE LS) 
WEDDFED, WESESTODE CS) 


PeNDEC 45 YOUNC 
wcLperaae PREPS ELDECZ2D «ME ROSTRROSEZOF EDS MELDS*C LOSE ZEST DOF Ce) 


























mi20e*«2) SC20S*C20F038 MCZIS*C ZIG DIF CS 
maser ase MCOS* CDEC 
ESTIMATES UNDEP HI 
rau an 
1 ve svar STanoant S58 Cone TOENCE tit ivate STanbaeo 95 COM TOENTE 
eoansese ~~ £8838_. ~~ SLESEAL_. ~-£S808.. i SIs 
1 1963 0.0659 0.0134 0.0170 = 6.0095 0.5756 0.1136 0.9533 = 0.7978 
2 1964 0.0856 0.0092 0.067% = 0.1030 0.6999 0.0786 0.4878 = ©. 7860 
3 1965 6.0590 0.0001 C.0870 = 6.0710 0. 0668 0.0707 0.5122 = 6.8207 
4 1966 0.0628 0.0067 0.0696 = 6.0760 0.8051 0.0977 0.6136 = 0.9967 
S$ 1967 6.05270 0.0080 0.0622 = 6.0019 0.04% 0.0726 0.9078 = ©, 7916 
6 1968 6.0095 0.9055 0.0525 = 9.0740 0. 9525 0.0581 0.4387 = 0.0006 
7 190° 6.0789 0.0061 C.0670- 6.0908 0.5719 0.0063 0.4619 = 0.7020 
# 1970 6.0888 0.9080 0.0730 = 0.1040 0. $445 0. 1286 0.2006 = 6.7986 
© 1971 6.0679 0.0162 0.0395 = 6.0951 
avenace stawoerc 959 CONFIDENCE er ce At STANDARD 958 CONF TOENCE 
al isalt ceece... ~~ STERNAL... tsliralt a ISI tra. 
+ «+ *.0008 0.0029 O.0610+ o.0728 $$ «© 0.0268 0.0216 0.5028 = 6.0008 
eran seen 
1 we estimate sTanpaeo 95% Cow? TENCE istivare sTanoaeo 958 Chae toemce 
| ~~ SNIEO ra. —£sena_. ~--ASL EA 
1 1963 0.0809 0.0091 0.0085 + 6.1060 0.4709 0.0596 0.9545 = 0.507% 
2 ves 6.0607 0.0184 6.1205 = 6.1729 ©. 5066 0.0099 0.30% = 0.0636 
3s 196s 6.0726 0.0077 6.0573 - 0.0875 0.5091 0.0717 0.4006 = 0.7297 
* 19068 O12 0.00%6 O.108S + 0.1603 0.5909 0.076 0.4806 = 6.7942 
S$ 1967 6.0909 0.0089 6.07%6 = 6.1072 0.477% 0.0610 6.9901 = 6.9971 
& 1968 6.0878 0.0087 6.9007 = 0.1180 0.0871 0.0725 0.5106 = 0.7908 
7 196° 6.10% 0.0093 0.0914 = 0.1278 0.4635 0.0078 0.9907 ~ 6.9906 
# 1970 6.1068 0.0102 0.0068 = 0.1268 0. 9926 0.1499 0.1705 = 0.0067 
© 197 C007 0.0168 0.0783 = 6.1900 
avewact STamoaro 99 CONF LOENCE aveeace STampano 95t COMP LoeNcE 
tslipalt a .- Jeera. Cal ipale a sre 
i+ = 08009 0.0095 o.0079 = o.tsne) =o OL SET 0.0268 0.4059 = 0.5009 


"EST CEPY AVAILABIE 





STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 3.5g 


SOLE FOLLASDS PONDED PRESEASON TN Tee SON LUIS VOLLEY, COLORED 55sro 
FSTEWATED WON TERT COVARTENCES ANT CORRELATICNS UNDER HI 

' ve COwenenety Senne COMPEF CED SEEDS COVARISTE Ds SETORDS CWRISEN) SETORDD 
1 1968 -0. 000107861 -0.071052198 =0. 992229831 -3.260085312 
> 196 0.00011 3888 0. 166068062 -0.092153 969 <0. 962159372 
+ 18s 6.00007 3530 0. 196625003 -0. 006058998 -0.527787699 
* 1% oc. o3e27730e 0.420586656 ~0.003181 363 -0.449952175 
Ss 96? ©.000145677 0. 398951069 -0.001926780 -0.45 7790708 
6 te 0.000130008 0.407936557 -6.091610437 -0. 365950011 
7 1969 0.000132313 0.329578633 =0. 002272297 -0. 266319993 
* 0% "0. $0053 0.268228325 

, ve COWARCFCEOND. SEED COMPURCEOLD SHEED COWAPEE CRN S*EED) Comaceeane. stan 
1 1863 -0.000309121 =0.208098030 ~0.000042236 -0.078513900 
> 1966 -0.000190633 -0. 413183861 -0. 000105862 <0. 11619513 
s 1665 ~0.090316565 ~0. 996183595 =, 000057 00 ~0.0082468056 
+ 1% 0000254852 =0.51 7437067 -0. 000062079 -0.090980152 
Ss 186? -¢. 000220366 -0. 959950592 +6, 000030215 -0.9715$0000 
se 0. 000194808 -0. 553489970 “4, 000055260 -0.087906063 
> 4168 -0,000372606 =0.699801 395 =0, 990066936 -9. 971363550 
s 170 -0. 001818715 ~0.887260327 ~6. 000065436 =0.0 99906739 
' ye COwaees*eressetee comnesecny, Sunne COWARES ELD SEBOLDD COMMES*ELD-SETOLDD 
1 86s 6.00185 1482 0.265122223 =0, 001826456 -0.40¢3560S8 
> 1886 ©. 001636182 a. “0. 991706925 -0. 11868868 
+ 188s ©.00297010¢ 0. 526389420 <0. 00NSe8088 =0. 512009954 
1968 0.002803 126 0.419944296 = 0. 002396808 =0.450095806 
steer 0,001663408 O.377LL6L 98 +0. 001614800 <0. 999667721 
6 1868 0.00 1004233 0. se2 865799 <0, 001066660 “0. 947049969 
> 1900 0.001965246 0.43 7037688 ~0. 001861692 <0. 25 1260655 
* 1970 0.00646 1458 C.6467830523 

' ve Chwane Sten dettonse COMRES* CLD PENOLDD 

i tees ~0.000245560 ~0.469720519 

2 \\96 ~0.000151819 -0.995 705182 

> 1985 =0. 000279834 ~0. 57866097) 

. eee -0. 000187041 =-9.51862927501 

eee -6. 000162006 =0. 483390803 

2 isae =0.000229674 =-0.5246885806 

e 1970 <0. 001173901 ~0.730167293 


THE ABOVE OFF ESTIMATES OF THE SAFPLING COVERT ENCES AND COPPELATIONS BFTHTEN THE PARAMETER ESTIMATORS, 


Cowants.#) «© -0.000099711 Comert.F)  « <0. 599900590 


Covaeis* Fhe -0, 000008676 Cowart: + be ~0.000681008 


REST CSPY AVAILABIE 








98 CHAPTER 3. MODELS FOR BIRDS BANDED AS YOUNG AND ADULTS 


Example 3.5h 





SLE BALL OPOS LANDED POCSEASON 04 THE SON LUIS WALLEY, COLORADO 

ava te OF Cats WALUES — eOULTS Lt 
i 1@.00 13.00 6.00 1.68 1.00 3.00 i.60 2.06 0.0 
2 6.6 $8.00 21.00 86.08 15.00 13.00 6.00 1.06 1.00 
Py 0.0 0-9 $4.00 39.00 23.00 18.08 11.00 10.60 6.90 
‘ ©.o 6.9 6.0 46.00 21.00 22.00 %.60 %.06 4.00 
a 6.8 c.3 6.0 9.8 $43.00 9.900 23.00 11.0¢ is * 
‘ 6.6 6.9 6.0 6.0 6.0 66.00 46.60 29.00 18.00 
? 6.6 6.0 c.0 9.0 6-9 8.9 101.09 $9.06 39.0¢ 
. 6.0 6.0 6.0 6.0 ce 6.0 6.0 97.00 22.00 
. 6.0 ¢.0 6.0 6.0 to 6.9 0.6 t-0 21.00 


SATRTR OF EXPECTED VALUES —— SOULTS 





16.00 11.65 $.0¢ 3.60 2.42 1.92 i-35 0.6 o.3? 
0.0 $5.56 24.67 17.49 11.74 9.32 6.45 42.8 1.78 


ee st etraenve 
° 
° 
° 
° 
°o 
° 
? 
° 
i 
: 
s 
< 
~N 
? 
be 
: 
: 


SATOTE OF STONOAED NORPAL ORVIETES —— SOUL TS 


6.0¢ c.4? 0.43 -1.08 ~+C€.92 os =-0.2° 1.23 =-0.61 
9.0 0.4 =-0.72 -0.% 0.% 1.21 “0.18 1.56 <6.99 





e@euwt +t ave 
°o 
5 
° 
> 
°o 
° 
2 
5 
? 
? 
= 
' 
? 
. 
= 
: 
. 
- 





waretx Cf CATs VOLUES ~~ YouNG “8 
1 62.00 35.90 18.00 16.00 6.00 6.00 5.00 3.00 1.00 
2 6.0 103.00 21.00 13.00 11.00 6.00 6.00 6.0€¢ 0.0 
’ 6.0 0 82.00 36.00 26.0C 26.00 15.00 18.00 4.00 
‘ 6.0 6:0 0.0 183.00 96.0C 22.00 21.00 16.0¢ 6.00 
‘ 6.0 €.0 6.0 6.0 106.00 38.00 31.00 19.0€ 1.00 
‘ 0.0 C0 6.0 6.0 6.0 119,00 64.00 29.00 22.06 
’ 0.0 €.6 0:0 0.0 ©.0 O60 126.00 465.00 22.0¢ 
‘ 6.0 69 0.9 0.0 G0 08 0.6 99.00 29.00 
« ee ee ee ee ee 


TATRIR OF FRPECTEO VALLES == YOUNES 


63.00 35.01 17.19 12.28 6.2% 6655 4353 2:94 i428 
6.0 103.00 21.08 5.07 0.11 6.03 %5.%6 1.60 «61454 
0.0 0.0 82490 42.09 20.33 22.69 15.57 10.09 4.33 
0.0 0.0 ©.0 193.00 57.9 29.90 20.42 43.24 4.67 

9.9 0.0 105.00 36.63 25.22 16.35 7.01 

0.0 c.0 6.0 6.0 €.0 113.00 $9.70 38.71 16.99 

0.0 c.0 0.0 0.0 c.0 0.0 626.00 46.80 20.10 

0.0 ¢.0 0.0 0.6 0.0 0.0 6.0 95.00 25.00 

0.0 ¢.0 0.0 0.0 6.0 6.0 0.0 0.0 38.0¢ 





e#eutevrane 
J 
. 
Qo 
Qe 
. 
7 


CATR OF ST ANCARD WHF DEW IATES == YOUNG 


0.¢ -C.66 0.20 1.07 <¢€.79 6.57 0.22 0.06 -0.25 
0.0 0.0 “0.02 -0.% C.28 3.91 0.19 1.27 1424 
0.0 0.0 0.0 -0.97 0.44 32 =0.15 7.90 0.16 
9.0 c.0 0.0 0.0 O.38 1.460 0.13 0.7 o.oe 
0.0 0.0 c.0@ 0.26 1.06 “0.36 “2.28 
0.0 ¢.9 0.0 0.0 6.0 6.9 o.S7 -1.9° i.” 
0.0 6.0 9.9 0.9 6.9 0.0 0.0 “0.20 0.43 

0.0 

0.9 





0.0 0.0 0.0 c.0 9.0 0.0 9.0 0.00 
6.0 6.90 0.0 ¢.0 6.9 9.0 0.0 9.0 


eeu aetrarve 
2 
. 
Q 
o 
. 
J 
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STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 3.51 
“OLE FRLLEPDS EOHDEC PPESEASOR IN Tee SON LOTS WeLLEY, COLOPeRD 


TE HVPOTRESTS 2. (SEE BRONTE OND SOSSOR, 157%. CORNELL BSIOSETOICS WNIT PAPER aD. Su-Sie—e8 





ASSUTPTIWSs CLF SANDEL (WUPNT WEL 29D RECOVER) BATES G0E TEOR-SPECTF IC. 
120) YOUNG BIRDS HAVE OIFFEREST SLPVE WEL GND SECO VERY BATES FOTY THOSE OF aDUL TS. 
3) } 4 p~ — Rg fp + POO WEe PFLESSES 15 yA A ge SuavivOrs OF PeEVInUKY 
“2 15 OY EXTENSION OF HL IN THaT Tee FURST YES" ADULT RECOVERY PATE TY YEAR T 1S OIFFESENT FED" THE PECOWEOY SATE tn 
VEAP 1 TF PREVIOUSLY BONDED SDULTS. (THE SOLICITING OF BANDS FEDe HUNTERS @Y CONSEOWATION OFFICERS “Ear Se~nDENG SITES 
Sav Givl S1SE TO THES S7PUaT TON). 


POROMETERS: 

eee es oor - 

Fett be SOND PECOVERY BATE IN TEAR | FOR SOUL TS BANDED IN VEAP i. 

Fil) «= SAND SECOWEPY BATE IN YEA T FOR SURVIVORS F COMDPTS BANDED SEFOVE vEaR 1. 
StTd) == SURVEWAL GATE FOR SOULTS 18 VEaR 1. 

etl © BAND PECOWERY BATE FTO YOUNG TH VES 1. 

S°C1) © SUPYET WAL PATE FOR YOUNG 18 VEae 1. 


STOUCTUFE OF THE SODEL UNDER #2 (1h TERS OF EXPECTED NUMBERS OF Band PE TURWS)® 





SeNDED 4S ADULTS 
WERE TTF ade wELEST RIF CZ) MWCLOSTL OSC ZFC Ds «=6CLOSEROSEZISE SOFT OD 
wizeererizy wE2dSt ZFC WEZISTZESTCO FLAS 
wEaeerrresy WEDISCDIF LOD 
PeNDEe 45 YOUNG 


Cheer aie ULOSTCLPETZD «= PERLOS*ERDSEZOPEDD «MELONS C OSE 2OSE DOF Te) 




















ser Ske | Stee 
ESTIMATES UNDER 2 
eine an 
1 ve fitimare TVaacaed 94a Cont toEweE Fst ieate siawoane SSE Cone idence 
£9808... ISTE ——ESA08__ ISLE 
1 1969 0.0126 9.4377 0.9426 = 0.0825 
2 1984 9.0780 0.0165 0.0437 = 6.1006 0.0316 0.0969 0.4454 = 0.0879 
3 1965 0.0880 0.0097 0.0307 = 0.0769 0.7427 0.1137 O.5t99 = 0.9055 
4 1966 2.0828 0.0084 0.0356 = 0.008+ 0.7900 0.1270 O.5411 = 1.0309 
$ 1967 0.0057 0.0067 C.0326 = 0.0508 0.5058 0.0873 2.4166 = 0.7809 
6 1988 6.0800 0.0091 €.0883 = 0.0008 0.5033 0.0876 O.s1te = 0.7509 
7 196° O.07s9 0.0106 6.08469 = 06,0957 0.9766 2° 2.5077 = 1.0055 
# 1870 6.0606 0.0110 0.0268 = 06.0079 
averace STawoaeo o*t CONFIDENCE aver ace STANDARD O58 CONF LENCE 
Cslipals eeece... coe ts) se ESlipale ot ASL 
> «+ 6,056 0.0060 0.0817 = C.0075 $ «© 0.7082 0.0371 0.6306 = 0. 77%60 


REST CSPY AVAILADI E 
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i963 
1964 
1S65 
1966 
1967 
1968 
1969 
1970 
1971 


ve 


1963 
19€6 
1965 
1566 
1967 
1968 
19€9 
1970 


i971 


Fee 


CHAPTER 3. MODELS FOR BIRDS BANDLD AS YOUNG AND ADULTS 


Examr '* 3.5) 








Fetus 
ESTIMATE STANCARCD 95% CONFIDENCE 
~ —-E£s808__ -~-iSTES¥al___ 
0.0863 0.0091 C.0685 - 0.1060 
©.14667 0.01 34 C.1205 - 0.18729 
0.0726 3.0077 0.0573 - 93.0875 
0.1276 0.9096 ©.1095 - 06.1463 
c.0S09 0.9383 0.0746 - 9.1972 
c.0s78 ©.0087 c.o#c? - 0.1150 
C.1096 0.c0° C.9914 - 3.1278 
C.1C4s 0.0102 C.0849 - 0.1248 
c.10% 0.0165 6.0753 = 0.1400 
aveER ace STawCaeod StT CONF IOENCE 
ESTisale esece___ ~--ISLESYa ___ 
= 0.1069 6.0035 0.0975 = O.1418 
Ferrans 
Estimare STancaro 952 CONFIDENCE 
—— E2808 _.. —_ esva___ 
0.04633 0.0134 C.cl?70 = 06.0695 
0. 08% 0.0182 5.0674 - O.1113 
0.0610 0.9080 0.0452 - 0.0768 
0.0746 0.01906 9.9534 - 0.0956 
0.0583 0.0076 0.0434 = 06.0733 
0. 0613 0.0073 0.0470 - 6.0756 
c.cece 0.0077 6.0857 = 0.0959 
c.1034 0.coss 0.0839 - 6.1229 
0.0€73 0.0142 0.0395 = 6.0951 
AVERAGE STaNOaRo 9*2 CONFIDENCE 
feece __ ---IRIES¥al___ 
= 0.0710 0.0034 0.C643 - G.O778 


“EST GarY AVAILABIE 














sans 
EST Imate STANDARD 95% COM IDENCE 
—Es808__ —--i SLESYaL___ 
0.5012 9.0834 U.3378 = 0.6646 
0.5157 9.0812 0.3607 - 0.6788 
0.6675 0.1000 0.4714 - 0.8635 
0.¢42¢ 9.0921 0.4624 - 0.8232 
0.4607 3.9690 0.3254 - 0.5960 
0.6726 9.0904 0.4936 - 0.8615 
0.8125 3.2049 0.4108 = 1.2142 
Ave RACE STamoaac 95% CONFIDENCE 
ESiisale ~--IS'E8vaL___ 
= 9.6119 0.0426 32-5279 - 3.6961 
Sa-1 Fe 
EST IMate STAMOARD S5@ COAFIOENCE 
---LS1 84a 
0.0235 9.0086 0.0067 - 0.0402 


STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 3.5k 


“ALE PALLAPDS PANDEL PRESEASON IN THE SAN LLES VALLEY, C2LORADT 


ESTIMATED KOR-TZERO COVSPITANCES AND COPRELATIONS UW“DER H2 


ae 4 fe eu ee Sa ee ee el we Re aN “ae Feranewe eet AP uN ee 


ae FP eu 


ve COWAPCE*** CRF Ct) 


ve cowarterr*cs 


-0.0000104671 
~ 0.00000 3867 
—C. 000006 564 
-t.ccco02627 
-0.00C0037S7 
-29.090934868 
-C.corcosil 1 


c.cocc 
C. 00004 3530 
0. 09CC9 38 Te 
0. 000reR RES 
€.000033330 
C.OCCC37 106 
©. 000107463 


ve COwaRtFcts.scies 


ve CUWARIFC TOLD, S*C O88 


C.00C378391 
0.COCTe7453 


~C.COC66 3363 


0. 031671995 


ve CUWARESTTDSS*CEDD 
1963 0.9044 76658 
Ses © .00 3420540 
ises 0.007543465 
1946 0.00¢066373 
1967 0.993199776 
1968 0.004990735 
1869 0. C3535 TAGE 


ve COWVORTEEE DST CTD? 


Tet asove 


—©.00004649506 
-0.coc1o8e27 
—0.020062712 
-0.000068185 
0. 090934931 
-C.OOCCSE9TO 
-C.00CcoTs Tes 


eLeeSttes 
863 


COWIE T TECTED 


-3.0637061 Te 
-0.046794813 


CURRIES OC TOLD, SEED) 

«054695350 
0.057022187 
0.076346333 
0.0950429399 
©.052220432 
3.055869972 
0. 045265442 


CCOCCE CED, SEEDS 


9.372885S23 
0. 308022918 
0.555 794469 
0.49, 740167 
0.476257935 
0.303389525 


COPRIFC TOLD, S*CTDD 
~C0. 330868308 


~9.301956213 
~0.5766024658 
~0.51195196° 
~0.47721 7070 


77006912 


c.5909606 
0.892356321 


CrPRCECte,S*ctoe 
—0. 0595007 74 
-C.100226310 
-0.05541 2230 
~0.0769907 Te 
-9.96.9945499 
~0.067593315 
0.9461 3691 66 


CowartFe* "ets, Setes 


-0. GOOLIG TS4 
-3, 3909986 939 
~0. 990051 205 
-C. 0000998601 
~6. 0000 34 230 
~6, 0000331869 
~0. 00006 3125 


COV... Feet teold,S*anres 


0. 000069015 
0. 0000 35433 
0. 900084 307 
0.0000 ¥ 758 
0. 9000262146 
9. 990043474 
6. 000089578 


COWARISEED SFL Lene) 


COWARISTLEStteLeD 


“0, 006701 934 
-0. 0938524460 
0. O98 173466 
—0. 0946955686 
~0. 003354660 
=. 005944526 


COWARISCTOLD, S*Ctde 
0. 0938467140 


~0. 0031 T1275 
~0.007345557 
—0. 0940 30 544 
~0.0026 319961 
—9. 906954 348 


CVMRIF***CLeldeS 


COMREF*. “CLD STEOD 


-0.962751556 
~0. 981833862 
0.0559 76879 
-0.072709400 
~0.054358936 
-0,05185205i 
~0.0347314698 


0.972926¢76 


0.05€593216 
0.051956476 
39. 95€497243 
9.94 7964100 


CVRMESCLD FC TOLD 


0. 245235131 
-0.31°774667 
0. 5625946553 
=0.45611083< 
~0.47SS61717 
=-0.593149947 
0. 764648386 


COMRISTIDStLeLdD 


~%.3598546127 
-9. 3571546159 
70. 5661460566 
3.4466 78382 
0. 43°859696 
0.282719805 


CIMRESTT OLD, S*CEDD 


0. 486381933 
=. 343701632 
~ 0.57822 9844 
~0. 501366975 
0. 430661658 
-0.29 71168051 


OPE ESTIMATES OF TRE SAPPL ING COVARIANCES AND CORRELATIONS BETWEEN THE PARAMETER ESTIMATIRS. 


BEST G@?Y AVAHAGIE 
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CHAPTER 3. MODELS FOR BIRDS BANDED AS YOUNG AND ADULTS 


Example 3.51 


“LE “4LLS®0S SONDEC PRESEASON IN TRE SQN LUIS VALLEY, COLORADD 


“aTRtx OF CATA WALUES -- a0ULTS “2 





10.00 13.00 6.99 1.90 1.02 43.30 14.99 2-cc 3.0 
0.0 58.00 21.00 6.00 15. 13.00 6.00 1.00 1.00 
0.0 C.0 54.00 39.00 23.9C 18.00 11.00 10.00 6.0C¢ 


Seater ane 
o 
‘ 
°o 
? 
°o 
°o 
. 
° 
°o 
. 
°o 
- 
a 
s 
va 
. 
$ 
~ 
? 
8 
_ 
-_ 
. 
3 
_ 
~ 
. 
8 


“aTOIx [CF EXPECTED VALUES —- SOULTS 





1 10.00 1¢.89 5.99 3.58 2.51 2.16 1.44 3.5 0.46 
? 0.0 5#.00 23.05 6.20 11.35 %70 6.52 4.05 2.€7 
3 0.c C.0 54.00 4.71 24.32 29.78 13.97 8.77 4.44 
* 0.0 c.0 0.0 46.00 21.54 18.40 12.37 %.77 3.93 
s c.0 €.0 0.0 0.0 S5.CC 3.83 24.7% 15.56 7.86 
6 6.0 c.0 c.o0 0.0 o. 66.00 47.81 30.08 15.18 
’ 0.0 c.0 c.0 0.0 c.0 0.0 101.00 S5.1C 29.9C 
e 0.0 c.0 0.9 9.0 c.9 3.0 6.0 97.06 22.0C 
bd 0.0 ¢.0 0.0 6.0 ce 0.9 0.0 0.0 21.00 


“ATRtx OF STANTARD KCPPM DEVISTES —— S0ULTS 


0.0¢ Cc.6s C41 -31.37 -C€.56 0.59 -0.37 1.1@ -0.68 
0.0 C.00 -0.44 <0.05 1.05 1.07 =-0.21 <-1.53 -0.75 
0.0 0.0 0.00 6.74 <6.27 -0.62 -0.80 0.42 0.74 





Ces arun 
° 
° 
o 
° 
° 
° 
° 
° 
? 
° 
2 
é 
: 
= 
° 
7 
? 
e 





“atetx OF CATA WaLUES -- YOUNG m2 

1 63.00 35.00 12.00 16.00 ¢.00 6.00 4.00 3.0¢ 1.0¢€ 
2 0.0 193.00 21.00 13.00 11.00 4.399 6.00 6.60 9.0 

5 e.c €.0 682.00 %.00 2€.00 %.00 15.90 18.00 4.60 
* 0.0 c. «0 £3.00 35.0C 22.30 21.03 16.00 6.0c 
s 0.0 c.0 0.0 0.6 109.00 38.05 31.00 15.0¢ 1.00 
6 0.0 c.0 0.9 0.0 0.9 113.00 64.00 29.00 22.0¢ 
7 0.0 c.0 c.0 0.0 c.0 0.0 124.00 45.06 27.006 
a 0.0 c.0 0.0 0.0 ¢.0 0.0 0.0 95.00 25.00 
s 0.0 c.0 0.0 0.0 c.0 9.9 0.98 0.0 3a .0e 


“ATRIX OF EXPECTED VALUES — YCUNG 


83.00 S7.18 17.33 82.18 6.54 7.30 #90 °%.08 1.56 
G.0 103.00 20.53 86.43 IC.18 6.64 5.88 3.65 1.04 
0.0 0.0 62.00 39.90 27.9% 23.89 16.06 10.08 5.10¢ 
6.0 0.0 0.9 153.00 35.67 306.468 20.49 12.86 6.$1 

@.0 105.00 36.83 26.76 15.54 7.86 

0.0 c.o 9.9 9.0 C.O 113.90 S9.08 S7.88 18.78 

0.¢ 0.0 0.0 0.0 c.0 0.9 124.00 44.49 22.51 

0.0 c.0 6.0 6.0 c.0 0.0 6.5 5.00 75.00 

0.0 c.0 0.0 e.0 c.0 0.0 6.0 %.0 8 =2.00 





ease urane 
Q 
4 
: 
oO 
2 


SOTRTK DF STANTARC NORPMR CEVIATES — YOURG 





i 0.0 -0.35 c.te 1.10 =¢.87 0.26 0.0% -0.C04 -3.45 
2 6.0 ¢€.0 c.11 -6.8 C.28 -0.22 6.03 1.24 1.38 
5 0.0 ¢c.0 0.0 <-0.63 =-€.3 0.02 <-0.27 2.5€ -0.49 
s 0.0 0.0 0.0 c.s? -1.% 0.11 0.8e o.99 
s 0.90 c.0 0.0 0.0 c.0 0.20 1.27 =-0.14 <2.46 
6 9.9 c.0 6.0 0.0 c.0 0.0 o. 1.35 0.75 
’ 6.0 ¢.0 0.0 6.0 ¢.0 9.0 0.0 6.ce -0.11 
o 6.0 0.0 3.9 9.90 ¢.0 9.9 0.0 0.6 0.06 
s 0.0 0.0 0.0 0.0 c.0 0.0 0.0 o.¢ w-4) 


EST CEPY AVARLARIE 





STATISTICAL INFERENCE FROM BAND RECOVERY DATA 103 


Example 3.5m 


“OLE FPALLA®DS SANDEC PRESEASON IN TRE SAN LUIS VALLEY, C3LORACC 


THE HYPOTHESIS 43. {SEE BROWNIE AND R08STA, 1974. CORNELL BICPETRICS UNIT PAPER WD. BU-S14-") 


- tees + ewe —= soon 


ASSUSPTIONS: (1) ANNUAL SURVIVAL OND RECOVERY RATES ARE YVEAR-SPECIFIC. 
i ata (2) SURVIVAL OND PECOVERY GATES GRE AGE-DEPENDEAT FCR THE FIRST TwO VEARS OF LIFE. (THIS ENBRACES ° 
ASSUPPTION (39 OF H2 FOR THE TYPE OF DATA BEING ONAL YSED.) 

M3 ASSUMES THE PARAPETERS S OND F ORE AGE-SPECIFIC FOR THREE AGE CLASSES (NAMELY, YOUNG, SUBADULT, AND S0ULT,) BUT 
TMLY Te AGE CLASSES ARE RECOGNIZED CURING BANDING, BECAUSE SUBADULTS O40 ADULTS ARE USUALLY INDISTINGUISHABLE. THUS 
THE ASSUPPTICNS OF 3 GIVE RIESE TC @ IDEL FOR WHICH MOST OF THE PARAMETERS OF INTEREST ARE WOT ESTIMASLE, WENCE WT ESTIWATES 
AGE COPPUTED KERE. HOWEVER THE ASSLPPTICNS OF H3 ARE EXAMINED SEL% PY PEANS DF & GOODNESS DF FIT TEST OND & TEST OF H2 
AGAINST THE ALTEQNATEIVE HS 


THE FYPOTRESIS HO. 





ASSUPPTIONS: SURVIVAL OND RECIVERY RATES ARE VEAR-SPECIFIC BUT AGE-INDEPERDENT. 





THE Q6E-IYOCEPENDENCE ASSUMPTION DF HO IS USUALLY INAPPROPRIATE FOR BIRDS BANDED 4S YOUNG AND ESTIGATION UNDER HC 1S OMITTED THOuGr 
TESTS RELATED TH THIS HYPOUMESTS APE COMPUTED CELOU. IF HO IS NOT BEJECTED, THE DATS SHDULO GE POOLED 44D GNALVZED USING THE 
SADELS THAT ASSUME PARAPETERS ORE ACE- INDEPERDERT. 


REST C&?Y AVAHLASI E 





104 CHAPTER 3. MODELS FOR BIRDS BANDED AS YOUNG AND ADULTS 


Example 3.5n 


MALE PALLAPDS BANDED PRESEASON IN THE SAN LUIS VALLEY, COLORADO 


TESTS TO GESCRIMINATE BETWEEN THE PODELS UNDER HO, HI, H2, H3. cone BRO un Se See 1974, CORNELL SIOMETRICS 





HO, Mle K2 AND HS REPRESENT A SERIES OF HYPOTHESES WITH PROGRESSIVELY MORE GUNERAL ASSUMPTIONS ABOUT THE POPULATION Pana- 
“ETERS. TO DETERMINE WHECH ASSUMPTIONS ARE APPROPRIATE FOR 4 GIVEN DATA SET, & SERIES OF TESTS ARE CARRIED OUT, WHERE 
EACH TEST IN THE SERTES COMPARES 8 GIVEN HYPOTHESIS AGAINST A MORE GENERAL ALTERNATIVE. (THUS THE FIRST TEST Ik THE 
SERTES COMPARES HO AGAINST THE SORE GECEROL HLS. IN EACH CASE, If THE TEST RESULTS IN A *LARGE* CHI-SQUARE VALUE, 

THEN THE RESTRICTIVE HYPOTHESES SHOULO GE REJGG"ED IN FAVOR OF THE MORE GENERAL ONE, WHILE & *SMALL* CHI-SQUARE 

VALUE SUGGESTS THERE IS NO REASON TC OISCARC THE SIMPLER HYPOTHESIS. 


CHI-SQUARE TEST OF HO WS mI 





2 % 2 CONTINGENCY TABLE CORRESPONDING bys STarisric 2 5 2 CONTINGENCY TAKLE CORRESPONDING pays 4 Statistic 





vite | OE&GREE FeEeeoor wit | OEGREE OF FREEDOS 
Ott.) =6metd-RCT.) wits rite 
O11.) metd-Ott.?d Ott, td OLE. d-O1T,tD 

fet 3” 184 10 2 

175 va? 0.602 83 92 $.163 
ie 2 ist sie 196 146 

168 su 2.747 103 Ce) 14.371 
t* 3 tet 124 120 250 

205 927 ©.002 82 123 3.315 
f* 4 ioe 4e2 16s sie 

739 942 2.581 iss 106 42.1469 
i+ 5 160 ecs 197 yes 

s+ =: 1005 c.7he 109 Led 2¢.731 
i* 6 159 sie 261 308 

228 $27 $.6@32 13 115 3.017 
i* 7 wo 83s «80080 33° due 

191 940 1.258 i246 e” 10.096 
f* 68 1s eis 330 ise 

120 10 6.127 ”s 2 4.014 
t* 9 se 291 

us 2.336 





\ora Cri-SQUAPE UIT 17 CEGREES CF FREEDOP « izecesat 
peeseen tte OF & CHI-SQUARE VOLUE LORGER Teen 1275.85 = 0.0 





THES TEST OF THE HYPCTRESES HO AGAINST THE FYPCTMESIS WA TESTS THE ASSUSPTTION THAT YOUNG OND ADULTS HAVE THE 
SOME SURVIVAL ONC PECTVERY @aTes. 


BEST Ca? AVAILAGIE 





STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 3.50 


MALE MALLARDS SANDEL PRESEASON IN THE SAN LUIS VALLEY. COLORADO 
CHE-SQUARE TEST OF HL WS H2 





2 K 2 CONTINGENCY T8KLE CORRESPONDING CHI-SQUARE STATISTIC 
with 1 OEGREE *" FREECON 











I= 2 set? 
se 1 0.3%6 
I= 3 so? 
66 143 0.160 
i* 4 ee ee 
1210282 2.561 
i-s sas 
42028 1.467 
I-6 “o 9 
1950255 ¢.160 
1-7? 101 *s 
238 2022s 0. 166 
i-8 0 lo 
25312 $856 
1 OTR CeI-SOQUSRE HEITW 7 DEGREES CF FREEOC® « 14. 766! 
PROBABIL ITY OF & CHI-SCUARE VALUE LARGER THON 146.77 © 9.03012 


THES TEST OF THE HYPCTPESIS ©R AGAINST THE HYPOTHESES M2 TESTS THE ASSUMPTION THAT SECTUVERY @ATES FOR NEWLY ‘ 
PELEASED ACULTS ORE THE SAME €5 FOP SURVIVTRS CF PREVIOUSLY BSONDEC COnneTs. 


CHE-SQUSRE TEST OF #2 WS m3 





2 EB 2 CONTINGENCY TA8LE «CORRESPONDING Cri-SQuare Statistic 
eit | OCEGREE CF FREEONE 





t* 1 3s s? 

13 14 Cc. 88 
t* ? 21 as 

4s se c.023 
te 3 ve e? 

es es 0.042 
t* «4 ww *? 

103 213 0.026 
i* $ LJ «7 

is? ace 0.789 
t*«¢ se si 

iv ive 1.105 
t* 7 as 22 

2oe 1ce 0.021 





' ' 
1TOtat Cei-SOUueRE with 7 OFCRFES CE FREEONF « 3.584! 
' ene ne een mene | 


PRNMATILITY OF & CKI-SCUAPE VOLUE LORGER Tran 3.58 © 0.82622 





SEJECTION F M2 TN Favee OF 3 wIULE INDICATE Teal SURYEWAL OND PECOVERT BATES AFF AGE-DEPEWDENT FOR 41 LEAST 
Tel FTPST Ted veers, 


THE HYPOTHESES HOL GND HO2 APF HCEF BESTRICTIVE That HL BUT ARE NTT COMPARABLE IN THES SENSE WITH HO, THUS HOE 

a0 HOZ2 OT WOT FIT INTO THE APOWE SERTES. Ih PRACTICE THE ©ODFLS UNDER HO? AD KL ORE LERELY FO SE OF “051 USE, SO @ 
LT TRELTHOOD BATIO TEST PD DISTENGUES™ BETWEEN THESE MODELS £5 COSPUTED BELO. THIS TESTS THE aSSUOPTION Teal YOUNG aND 
SOULT SUPVTVAL FATES ORE CONSTANT FO0r VEAP 17 vEaR, 





LIFELTHOTO fatir TEST CF HO? WS Ft. 
———— = 


CHi-SOuePr vaLur . 26.94 
OEGPEES OF FREEDIE . 146 
PROBABILITY OF & Cr I-SCUAPE VOLUE LARGER Tren 26.9% © 6.01962 


REST C&?Y AVAILAGIE 


CHAPTER 3. MODELS FOR BIRDS BANDED AS YOUNG AND ADULTS 


Example 3.5p 


“ALE PALLAPDS SANDEE PRELEASON IN THE SOM LLES weict¥, COLC RACE 


CHE-SOUSPE GOODNESS CF FIT TEST OF THE SODEL UNDES HD 








i 7 





34.07 wtte 36 c.f! 





POTEAETL ITY OF & CHI-SQUARE VALUE LORGER Teen 8634.07 


CHI-SOUSPE GOODNESS OF FIT TEST CF thE SODEL UNDER HO 





© 0.40633 





TAL CHt~-seuane 


102.27 white os 06-1 





PPOSASTL ITY OF & CHE~ SQUARE VOLUE LOPGER Teen 162.27 


CHI-SOULPE GHOOWESS OF FIT TEST OF tHE TOOL URDEP wi 








4... 
- 
(Tote. CHI-Seuaet 
7 
, 


$2.42 wite 48 0.F. 





PROSSTL ITY OF & CHI-SQUARE VOLUE LepGE® teen 8692.42 


CHE SOUSPE GOODNESS OF FET TEST OF THE BODE UNDEF Hz 





* 0. d00te 


=> 





57.66 wIte 41 0.F. 


-—-— 





PROSARTL ITY OF 2 CHT~SOURRE VeLUE LORGER Teen 8657.06 


C¥l-SOUs9E GODDRESS CF FET TEST OF tHE BODE WROEP we 





* 0.42009 





\vova cwt=seunae 


1 
54.07 WIth be = 





PROSASILITY OF & CHE-SOURRE VaLUE LeRGT® Teen 8634.07 


CORRE SPONDING CH I-SQUSRE 
STATISTICS OND OEGREES GF FREEDOR 





3.7% wite 


$62 wit 


3.31 wit 


9.76 wtte 


10.05 wit 


2.38 wit 


6 0.F. 


8 0.F. 


8 o.F. 


6 O.f. 


* O.F. 


2 0.F. 


Fore THE SODELS SE0WE, ORE SHOULD CHOOSE THE SEMPLEST MODEL (FFEEST PRROPE TEES) Hat aDfGQuUaTELY GESCETOES THe Gara, 
SOEGUACY HAY OE JUDEED OY ERAFINING THE GESUL TS OF C1) THE GOODNESS OF FIT TESTS, GeD C2) THE TESTS SOTeEER SrecrrrC 
“ODELS. FOTOUENTL YT, HO? GF HE 1S eOtQueTE. 


“egT CEPY AVAMABIE 


STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 3.6a 


YOUNG OND SOULT MALE SLL EROS BANDED PRESEASON IN SOUTHERN ONTARIO, 1965 


INPLT PeTPix 


eeOwil) MCOLIED CeOwit) OCOLtt) vans wiih 
9#.00 43.00 257.00 132.00 $8.00 257.00 
€6.0C $6.0C 249.00 223.00 121.0 374.00 
99.00 $7.00 264.00 731.00 144.00 415.00 
%.0Cc 87.00 299.00 266.00 17¢. 0c $286.00 
115.00 92.00 468.00 465.00 19@.00 610.00 
136.00 127.00 638.00 $482.00 244.0C 963.00 
$9.00 156.06 443.00 618.00 214.00 644.00 


3. °. 
2. °. 
3. i. 
7. 1. 
9%. 1. 
25. e. 


5. i. 
’. 1. 
$s. ’. 
i2. $s. 
is. %. 
Se. 32. 


THE HYPOTHESIS 2. (SEE GROWNIE OND ROBSON, 1974. CORNELL BICRETOICS UNIT PAPER WD. BU-S14-m) 





ASSUPPLITNS: (19 ANNUAL SURVIVAL OND RECOVERY RATES ARE VEAR-SPECIFIC. 





(2) YOUNG BIRDS HAVE DIFFERENT SURVIVAL AND SECOVERY RATES FROP THOSE DF ADULTS. 
(39) «1% BMY YEAR, THE PEPORTING RATE FOR NEW RELEASES 15 DIFFERENT FROF THAT FOR SURVEVCRS OF PRiViCWwaAY 
Ganceo CIRRESPONDING RECO VE 


COMDPTS, OND HENCE THE 


RY RATES ARE CLF FERENT. 
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M2 1S ON EXTENSICH OF HL IN THAT THE FERST VEOR ADULT RECOVERY RATE IN YEAR I IS OIFFETERT FROM THE RECOVERY PATE IN 


VEGR 1 OF PREVIOUSLY BONDED 4OULTS. (THE SOLICITING OF GaNDS FROY HUNTERS 


Sav CIVE RISE TO THES SITUATION. 





Fett be BAND PECOVERY BATE IN YEAR | FOR ADULT 
BOND RECOVERY RATE IN YEAR If FOR SURVIVORS OF CONDPTS BANDED BEFORE VEaR I. 
' 


eitr oo 
stit ol 


state of 


STRUCTURE OF THE PODEL UNDER H2 


SURVIVAL SATE FOR ACULTS IK VEAP 1. 
PECOVERY BATE FCR YOUNG IN VE oR 
SURVIVAL RATE FOR YOUNG Im VEar 1. 





CanOEO 4S AOUL TS 
WELDET TO ERD MELOSTL FIZ) MELOSELISCZIFID) 
me zpeerrizy wC2E SCZ 0FC DS) 
waspererasy 
SANDE 2S YOUNG 
en MELDS*CROSCZOFCDD 
"a2 mez0S*¢ 20°03) 
misnerase 


S GANDEO In VEaRr If. 


(1h TERPS CE EXPECTED WUMBERS OF BOND RETURNS): 


WELISCLOSCZISESIFIS) 
WEZNSCZISCDIFLS) 
WESOSCODE CO) 


MELOS*CLOSE ZNSE DIFCO 
ME2ZNS*C 2050 DF CS 
MUDOS* CODECS) 


nEST GPY AVAILABIE 


OY CONSERVATION OFFICENS WEAR BANNING SITES 
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Example 3.6b 
ESTIMATES UNDER H2 
Fits san 
1 we Estimate STantaeo 59 COnF 1DENCE Estimate STawoaee 952 COM IoENcE 
qunenene ~~£ee08__ ~--ISLES¥AL___ — —£S808_. ~--ISIESYM... 
1 1965 0.6105 0.1368 0.34623 = 6.8786 
2 1966 0.0567 0.0127 0.0258 = 0.07% 0.6509 2.14637 0.3682 - 0.9325 
3 1967 6.0526 0.co98 0.0331 - 0716 0.8095 0.1749 0.4666 = 1.1526 
4 1968 0.0363 0.0076 C.0214 = 0.0543 0.6526 9.1037 0.3318 = 0.59736 
S 1969 06.0397 0.0083 0.0233 - 0.0560 6.4545 0.1010 0.2566 = 0.6526 
6 1970 ¢.0S500 0.0086 0.0775 = 0.0065 0. 7596 0.1409 0.4932 = 1.0356 
7 1971 C.0607 0.0077 0.0336 = 0.0639 0.3926 0.0873 0.2216 = 0.5636 
& 1972 C.07es 0.0149 C.04673 = 0.1057 
estimate eace- on aSTERMAL tstupalt tao wr ERMA 
- « 0.0512 0.0039 0.0436 = 0.0588 $ «= 0.6186 0.0221 0.5753 = 0.6618 
Fecn sean 
1 we €Stiware sTanaeo 9% COnF TOENCE Estimate STawoanod 95 COM TOENCE 
oon £8208. ~--IBLESYAL... equsasese —£8808__ ~~ ISI f6sa 
1 1965 0.0841 0.0070 C.07C3 = 0.0978 0.5338 0.1082 0.3218 = 0.7658 
2 1966 0.1197 0.0085 0.1031 = 0.1369 0. 3657 9. 0646 0.2390 = 6.4926 
3 1967 06.1026 0.0076 C.0*% = O.1172 0.5928 0.1195 0.39585 = 0.8270 
4 1968 6.1114 0.0076 0.0966 = 0.1262 0.6141 2.1268 0.3657 = 0.8626 
S$ 1969 0.1066 0.0071 C.0905 = 0.1106 0.4658 0.0762 0.3163 = 0.6152 
¢ 1970 ©.1050 0.0052 0.0568 = O-11S1 0.6128 0.0997 0.4291 = 0.7966 
7 1971 ¢.0873 0.0042 0.0751 = 0.0956 0.4935 0.0950 0.3074 = 0.6796 
* 1972 ¢.0956 0.0049 6.0858 = 0.1050 
aveoace STAMOARO 95% CONF IOENCE avenace STANDARD 95% CONFIDENCE 
ESIABAIE fen08.__ ~~ TERNAL ESLIBAIE 2) poe | 8: |) ee 
f+ = 0.1082 0.0024 0.0966 = 0.1058 $ «= 0.5255 0.0378 0.4515 = 0.59995 
Feerens SK SHO bmdP Kel 
1 we ESviMATE STanoaed 330" Cont THENCE tsvimate ST awoane 35e CORF TENCE 
e ~£0808__ ~--ISLESYAL — £2808 __ poets) | ee 
1 1965 0.0782 0.0105 6.0907 = 0.0917 0.0015 0.0053 0.0211 = 6.0619 
2 1966 ¢.1081 0.01 70 0.078 = 0.1615 
3 1967 6.0569 0.0087 C.0398 = 0.0740 
4 1968 ©.0s06 0.0113 0.0462 = 6.0906 
S$ 1969 0.0858 0.0128 0.0621 = 0.1095 
6 1970 6.0676 0.0087 0.0805 = 0.0067 
197) ¢.05e6 0.0064 6.0459 = 6.0709 
@ 1972 ¢.06c2 0.0072 0.0460 = 0.0766 
AVERAGE STanoaRe 95% CONF 1OENCE 
ESLIBATE caace.... ---is1£81 A. 
Free © 0.0721 0.0038 0.0647 = 0.0795 


BEST GePY AVAILAGIE 


TOUNG ONC SDULT POLE POLL OPDS FOVDEL PRESTASTR 8 SOUTHEGH CATESFD, 196% 
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Example 3.6c 


FSTIPATET ATO 7EOT COW SET ENCES OVC COPPELL STICNS UNDEF Hn? 


eer aN ee acer anee aevtranee ae 4 fF eNew e464 4 ane 


~evrenee 


COWORER*** ETDS F CES 


©.000 198185 
cocoszeec 


COPH EFS CERN CLES 


©.08Si27957 


~0.0091128008 
©. 7eLisToLs 


ccee esas pebethhe. 


O.sTLeTeees 
©. 719672751 


COweenr*** ats .Sateo Commer eee Sates 
-0. 090071955 ~0.0SC2e5TS7 
~6. 090711 505 0. 98E4139 957 
-C. 090005521 -0. 007800313 
- 0. voncece 37 0. 00fse0721 
-C. 0000 72 Tee -0. OSS5e 5322 
~0. 000067037 ~0.05Ceed816 
-0. 000010663 ~0. 030402790 
COWRRTF** ETO LD SST ETDS COHRTF SCT Tedee SCENE 
0. 000173282 9.09614 7318 | 
0. 060029597 0.952690655 
0. 00608159) 0.06€705337 
0. GOM08 531 0. 084112009 
©. OOOO BF O46 0.05 71862092 
©. O00 20446 0.044779076 
0. 0000277501 0. 060071480 
COWRFIS TTD FL TeLD CUPPRESCTD SFatene 
-0. OO L012 746 
=0. 000529794 0. 378999742 
-C. 000860 7% -0. 649962160 
0. 0008 14945 0. 996652227 
= 0, 09035 7640 -C.e208 
-t. 0.55 1351460° 
= 6, 0308557270 0. 650995015 
COVORISTTD Satenie COPRISTEO SSE tetes 
0. 012051160 1 
-0. 008180991 
-0. 01 5440905 0.5364 300146 
0. 008333576 ~0. SO6097195 
=. 005433008 0. 000871071 
~0. 004833199 -0. 901 C7900 


eee o,steaee 

e’ "9 
0. 400649268 
0.5" 4150826 
-0.68¢103035 


-0. SLeZ2PR66) 
-0.47 7076797 


THE ABOVE ORF ESTIMATES OF THE SAMPLING COVARIANCES GND CORRELATIONS SETHEEN THE PamamETER EST ieaToRs. 


BEST GePY AVAILAGIE 





110 CHAPTER 3. MODELS FOR BIRDS BANDED AS YOUNG AND ADULTS 


Example 3.6d 


TOUS S60 SOUT SALE SOLLOPDS BONDEC PRESEASON TH SOUTHERN OWTERIO, 1965 





i 43.00 26.00 10.00 12.06 %3.0C 5.00 2-00 3.06 0.0 

2 S.0 34.00 7.69 $09 6.00 4.00 2.00 2.0 0.8 

5 c.e 46.00 4.00 15.00 7.00 1.00 
‘ o.0 c.0 6.0 %.00 13.0 7.00 4.00 1.06 1.00 
s 6.0 6.0 0.6 6.0 46.00 13.60 1.00 %.08 1.00 
« 0.0 ¢.0 0.0 6.0 6-0 %.08 28.00 25.06 6.0¢ 
? 0.0 c.0 9.0 0.0 c.0 6.0 9.00 42.0¢ 17.00 
J 6.0 6.0 c.0 6.0 c.0 6.0 6.6 65.00 %.0C 


i 43.00 26.78 13.15 7.66 55 B25 2.46 1.9% 
? 6.0 34.00 11.59 6.67 4.9C 2.85 2.16 1.08 
5 0.0 6.0 46.00 21.29 15.66 9.10 6.84 4.34 
‘ 0.0 c.0 6.0 3.00 13.28 72 S81 3.08 
s 0.6 6.0 0.0 6.0 46.00 62.57 G90 4.9¢ 
e 0.0 6.0 0.0 6.0 6.0 %.00 Bi.t6 19.76 
’ o.¢ c.0 

‘ 6.0 c.0 ©.0 0.0 c.0 0.0 6.0 65.00 





SE Eb553 


seretn °F STeNCORD HOOP OF IATES ~~ SOUL TS 





1 6.00 -€.47 =-€.08 1.60 1.10 G.97 “0.28 1.17 =9.00 
? 0.0 6.00 1.36 6.9% €.5C G.69 -8.1C 6.95 =0.75 
5 c.0 © 0.00 06 “8.70 “6.71 =9.04 +0.99 
‘ 0.6 c.0 0.00 -€.08 -G.26 -6.75 1.74 0.42 
$ 0.0 c.0 6.0 o.¢ COC G18 -0.7 1428 0.92 
e 0.0 c.e 0.0 0.0 c.0 0.00 -6.57 1.2 -0.75 
’ 0.0 c.0 c.0 0.0 c.0 0.0 6.0¢ 6.03 0.05 
. 0.0 0.0 0.9 0.06 0.0 9.0 6.¢ o.0¢ 6.0¢ 


“areix °F Cate WRLUES —— FOURC 


132.00 48.00 33.90 13.00 €.00 %0909 6.00 %.0C 1.06 

6.0 178.00 35.00 6.00 11.0€ 10.00 4.00 7.06 1-00 
o.0e €.0 165.00 99.00 723.00 12.90 13.00 %.00 1.06 
¢.0 6.0 193.00 S1.0€ 26.00 13.00 12.00 4.00 
e.0 0.0 0.0 0.0 193.00 43.00 39.00 15.06 %.0€ 





+ 
5 


SeTeTE OF FRPECTED VALUES <- TOURS 





i 492.00 47.22 29.09 17.28 12.7¢ oe $.98 3.82 1.45 
? 0.0 7.00 26.46 1.46 17.68 7.03 $629 8.95 1498 
. t.@ © 165.00 95.72 24.7% 5.27 11.48 7.70 8 =663.00 
‘ 6.0 6.0 193.00 43.56 25.53 19.05 12.08 4.97 
5 0.0 c.0 6.0 6.0 193.00 465.70 32.87 20.04 6.58 
+ 0.0 ©.0 6.9 6.0 6.0 367.00 106.07 67.7@ 27.67 
’ o.¢ ¢.0 c.0 6.0 c.0 6.0 992.00 17.278 1.T7H 
0.0 6.0 6.0 6.0 t.0 6.9 0.0 342.0C 101.00 


SaTeis OF STANCAPD HOPPRL DEV IETES =~ YOUNG 





! o.¢ c.it 6.87 =1.06 <1.32 0.60 1.0% o.7S 0.37 
? 6.0 6.0 0.06 =7.09 <«t.31 is2 -0.56 2.0€ 0.37 
5 0.0 c.0 0.0 0.95 -€.64 -0.96 0.45 <0.0% 7.37 
‘ 0.0 €.0 0.0 0.0 146 <O.27 <1.99 +0.02 9.01 
s e.0 c.0 c.0 0.0 6.0 “0.11 1608 “1.29 0.14 
. 0.0 0.0 0.0 0.0 c.0 0.0 0.08 -1.95 06.83 
? 0.0 0.0 0.0 0.9 c.e 0.0 0.0 @.13 -0.2¢ 
’ 0.0 0.0 6.0 0.8 c.0 0.0 0.0 6.0 0.0¢ 


STATISTICAL INFERENCE FROM BAND RECOVERY DATA il 


Example 3 6e 


TOURS SRT SOUT SOLE SRLL ORDS PONDEC PRESEASON th SOUTHERE CeTeeNO, 1965 864950 
Cwi-SeusrE TEST OF HL WS HP? 








2S 2 CONTINGENCY TAKE CORPESPONDIOG Ceri-SQuaeE Stat Estic 
wit. | ofGcere 

t*2 ‘e 
ee 1u2 $. See 

t* 5 “0 
i} i353 O.it2 

t* «4 at) 
ios ife $309 


Zs 
3s 
- 
3 


t*« “se ss 

ise i 1.929 
t* 7 ve bh) 

238 25 c.es1 
tes es we 

ver ist 1.008 





' ' 
| vores CHI-SQUARE WITH 7 OEGREES CF FREEDCH = 25.920! 
PROSSOTL ITY OF & CHT<SCURRE WOLUE LORCER Tree 8623.92 © 6.00008 





THES TEST CF THE HVOCTRESTS HE OGOTNST Tee HYPOTHESIS M2 TESTS tHe —— That SECOWERY FATES FOR WheLY 
SFLEASED SOULTS OPE THE SOPE 25 FOP SUPWIVORS CF PREVIOUSLY BONDE COMDETS 


CHi-SOuere TEST OF H2 WS #9 





TOTAL Cri-SQUsRE WIT 7 CFCEFES CH FeEEODE « T.07e! 
PRORLPTL ITY OF & CHE-SCURRE VALUE LORCED Team 1.68 © ©. 20205 








CHE SOLOPF GOODNESS OF FIT TEST OF THE BODEL UNDER HO 








tora CHI<SOUMRE «=» «005. 9S ETH G6 0.8. 





PRMRSPIL ITY OF & CHI-SCUARE VOLUE LORCER THON 505.95 © 0.0 


CHE“SOUSPE GOOOWESS OF FIT TEST OF tHE BODEL UNDER Hi 








' ' 
rare, CHl- Square of.e7 wite So 0.F.1 





PRISASTL ITY OF & CHI-SQUARE VALUE LORGER Teen 68.67 © 6.00094 


C¥E=SOUSPE GOODNESS CF FIT TEST DF THE MODEL WRDER 42 











| vores Cmi-souaet 44.75 WIth 43 OF. 


PROSCSIL ITY OF & CHI~SOUAeE VOLUE LenGER Teen 44,75 © 6. 99870 
POOR THE SOOELS AGOVE, THE SHOULD CHOSE THE SIPFLEST BODEL TPEUEST PERAFETERS) THat SOHQUETELY OESCTIONS THE Gate, 


AOFOUETY HOT BF JUDGED BY FRAP INTIME THE FESULTS OF 11) THE GOODNESS OF FET TESTS, GHD C2) THE TESTS SETHREN SPeCcEFEC 
“TOFLS. FREQUENTLY, FO? TR HL TS eDfQwETE. 


"EST C@PY AVAILABIE 
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An Example 


Example 3.6 serves as an illustration of a situation when the model under H. seems appropriate. The data are 
from a study on male mallards banded preseason in Southern Ontario 1965-72. 

Example 3.6e shows the goodness of fit tests result in rejection of the models under both H, and H,. Also, the 
test of H, vs. H., with a chi-square value of 23.92 and 7 df, is highly significant, with several of the individual chi- 
square components significantly large. Thus the H, model must be rejected in favor of H.. Comparison of H. with 
H, does not sugg.=«t preference for H, so H. seems appropriate for these data. 

Examination of the estimates of recovery rates of adults under the H. model indicates that iirst-year recovery 
rates (f-"') are significa.:tly higher than adult recovery rates in latter years (f). This is probably the result of band 
solicitation by conservatin agencies in Ontario. 


3.8 Summary of the Models Proposed 


The models of this chapter have proved to be useful in the analysis of data from banding studies involving both 
young and adults of many waterfow! species. Some general conclusions can be made on the basis of these results. 

The H, and H,, models are too restrictive, i.e., young and adults do have different survival and recovery rates, 
and recovery rates differ from year to year. 

Frequently either the H.,,. or the H, model seems to be adequate (Examples 3.2 and 3.5). The H, model has the 
practical advantage in that estimates are easily computed with a desk calculator for small data sets. 

Occasionally. as in Example 3.6, there appears to be a real difference in the recovery rate between newly released 
adults and that for survivors of previous releases. In this case the model under H, should be used although for 
values of N, and M, usually encountered in practice, the H, estimators wil! have poor precision. 

In-season bandi-g may give rise to a situation where H, appears to be appropriate, but in fact is not. Sometimes, 
however, H, may be a reasonable approximation when in-season banding takes place (see Example 3.4). 

The H, model appears to be unnecessarily general for data sets we have analyzed and subadults do not have very 
different survival and recovery rates from those of older birds. 

We conciude this chapter with a discussion which demonstrates the futility of banding only young when we have 
reason to believe that survival and recovery rates are different for young and adults. 


3.9 Why Survival Rates Cannot be Estimated if Only Young are Banded 


For many species the banding of young is much easier to accomplish than the banding of adults. Fc his reason 
there is strong temptation to concentrate the banding effort exclusively upon young; this is a pointiess practice. 
Analysis of numerous data sets for birds has shown that the survival rate of young is typically lower than adult 
survival rates (S;< S,). Also first-year band recovery rates for young are typically higher than for adults (f/> f). 
Consequently, an appropriate model for band recoveries from young is the H, model. Specifically its structure is 
shown below for & «+ = 4. 








Year of recovery 
Number 
banded 1 2 3 4 
M, Mj; M,Sif, MS'S.f, M.S'S.S.f, 
M. Mf: M.S*f, MLSS, 
M, Mf, MSY, 
M, Mf 


From banding only young, the direct recovery rates /’ can be estimated, but without additional information 
(bandings of adults) the survival rates S; of young can never be estimated. The impossibility of estimating S/ per- 
sists no matter what simplifying assumptions are made about how rates vary over time. For example, assuming 
S,=S,i=1,...,/-1 (constant adult survival rate) does not allow estimability. Assuming constant adult recovery 
rates (f= /,i=2,...,/) renders adult survival rates S, estimable from young only 1 ecoveries, but leaves S/ and f 
confounded. Moreover, this assumption is certainly wrong. In the extreme case of assuming no parameter varies 
over time the model structure depends upon only four parameters (ff, S’. S): 
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Year of recovery 
Numat 
banded 1 2 3 4 
M Mf M.S M.S'Sf M.S’ SSf 
M, Mf M.S'{ M.S’ Sf 
M, Ms M,S'f 
M, Ms 


This is the structure for young under the H,, model. 
Note that the parameters S’ and / always occur together as a product. This is why, even in this simple model, 
these two parameters cannot be separately estimated; only the product S’f can be estimated if no adults are banded. 


To illustrate this point we could define “new” parameters as S; = cS’ and ff for infinitely many values of the 


constant c, and the product S’/ is not changed. Thus, the expected cell probavilities cannot be given as a product of 
unique parameters S’ and /, for example 


E/Q,.) = M,S'f=M,(S'e) ¢ P=MSh, 


where S’ and S, can be quite different. In statistical terms this parameterization of the band recovery model leaves 
S’ and f nonidentifiable. 

This nonidentifiability of S! persists in the H, model for banding of young only. In fact, not even S, or f is esti- 
mable under the H, model if only young are banded. This problem may be illustrated numerically by choosing 
several different configurations of annual survival and recovery rates which produce exactly the seme urray of 
expected band recoveries. For k = / = 4, suppose a banding experiment on only young birds produced *he following 


> 








Year of recovery 
Number 
banded 1 2 3 4 
10,000 1,000 500 150 168 
5,000 1,000 100 112 
9,000 1,800 216 
8,000 1,200 


(symbolic expectations under H, were given above). The direct recovery rates (the f) are unique. For this exemple 
fi=0.1, f= 0.2, f'= 0.2, and f/= 0.15. The remaining parameters need not be unique to produce this expected data 
array. In fact we used S, = 0.6 and S, = 0.7. But for the choice of S; and f the following three parameter sets will 
all produce these exact same expected recovery data: 





Parameterset S/ Ss; Ss; h fh f 
A 05 04 03 0.1 0.05 0.08 
B 0.25 02 0.15 02 0.1 0.16 
Cc 0 625 05 0.375 0.08 0.04 0.064 


For example, consider the expected recoveries from the first banded cohort in the fourth recovery year: 





Parameter set EQ.) = M_.SIS.SS, 
A 10,000 (.5)..6) 1.7) ..08) = 168 
B 10,000 (.25) (.6)(.7) (16) = 168 
Cc 10,000 (625) (.6)(.7) (. 064) = 168 
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The reader should verify that these three parameter sets give exactly the same expected band recovery data. Con- 
sequently, it is impossible to infer from these “data” which parameter set was used to generate these data. 

It is possible to test for first-year age effects in banding data for young. This is a test of whether or not Modei 1 
(Chapter 2) fits the data and is discussed in Seciion 2.6 as a test of the null hypothesis that Mode! | fits the data 
vs. the alternative that Model 0 fits. In fact Model 0 cannot be distinguished by any statistical test from the model 
for recovery data of young under H, ‘see Section 2.5, Proper and Improper Use of Model 0). 

For the array of expected band recoveries above, the test is based on the two contingency tables below, the ele- 
ments of which come from the rows and columns of the “data” array as explained in Robson and Youngs (1971) 
(also see Section 2.6 for an explanation of this test): 





columns columns 
2 3+4 3 4 
a rows 
1 | 500: 318 1+2 | 250 ' 280 
——— So eo-ororoee ——<—<—<-—-—-¢- = 
2 | 1,000 ! 212 ! 3 | 1800 | 216 




















The computed chi-squares, each with 1 df, are 115.8 and 474.6, respectively. We would thus conclude age-specific 
recovery and/or survival rates occur in the population. If these were adult bandings, we might assume Model 0 
was the true model and thus proceed to get meaningful survival estimates. But when we know the recovery data 
came from bandings of young only, we must abandon all attempts to meaningfully estimate survival rates from 
these data. 

It may be useful to heuristically show how S’ can be estimated if adult recovery data are available. First 


S'p. og EQ. —@,,// M. 
is clearly estimable from band recoveries of young, while 


p..=EVR,.,4/N.., 


is estimable from band recoveries of adults (p,., =f »+S,..f..+...+S,.,---S of ». An estimator of S' (in fact 
the ML estimator) is 
§ Se» @-@ /R.. 
: i ! M. j N, .. 


Without adult data, p, . , cannot be estimated. 

The above discussion concerning the estimation of survival rates from birds banded as young assumes the models 
of Chapters 2 and 3. The astute reader might ask if there exist models for band recovery data allowing the estima- 
tion of survival rates from banding only young birds. The model underlying the composite dynamic life table 
method is such a model icf. Hickey 1952: Seber 1972; Anderson and Burnham 1976). Seber (1971) has considered 
the proper statistical analysis of data given this model structure. The composite dynamic model assumes that 
both recovery and survival rates are age-dependent only: i.e.. these rates are unaffected by year-to-year changes 
in hunting regulations, habitat, weather. etc. 

A second assumption of the composite dynamic mode! is that the age-specific recovery rate is a constant fraction 
of the age-specific mortality rate. For the two-age-class case ‘i1.e.. young and adults) this means we must assume 


—=¢ ,@=1],.... --] 


f_A 
i-s 


i-Ss 
where c is a constant. 


Both assumptions are critical and both are demonstrably invalid for banding studies of game birds. Detailed 
analysis of mallard banding data has documented the untenability of both assumptions ‘Anderson 1975). More- 
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over, the estimates of age-specific survival rates computed assuming this model (i.e., the composite dynamic 
method) are severely biased when these assumptions fail. 

It is our intention in this handbook to detail some correct models and methods for the analysis of band recovery 
data. Thus, we will not dwell on the composite dynamic method, nor the concomitant model under which young- 
only recovery data could be analyzed (e.g., Seber 1971). Firstly, the model is invalid for waterfowl (Burnham and 
Anderson 1979) and nongame species (Anderson et al. 1981). Secondly, serious bias occurs when these crucial as- 
sumptions are not met (Anderson et al. 1985). The interested reader can pursue this topic further by referring to 
reports by Anderson (1975) and Anderson and Burnham (i976). 

Finally, we note that it is possible to construct yet other models that have age-specific survival rates in their 
structure, and are such that from banding young only these survival rates could be estimated if the model were 
true. However, such models are usually demonstrably invalid, on either theoretical and/or empirical grounds. For 
example, let surviva! be age-specific and let the rccovery rate be constant, independent of age or calendar year 
icf. Seber 1971). This model seems unreasonable: empirically we know f varies by calendar year and by age (young 
vs. adult), and theoretically it does not make sense to have age-dependent annual mortality but age-independent 
recovery rates (mortality is a “hidden” component of f). We can not emphasize too strongly that, based on our current 
knowledge. there ts no valid wav to estimate age-specific survival rates from only the banding of young. 
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Chapter 4. Models for Birds Banded as Young, Subadults, and Adults 


4.1 Introduction 


The models considered in this chapter permit esti. ation under the assumption that survival and recovery rates 
are age-dependent for the first 2 years of life. The ex, +imental situation requires that members of the resulting 
three age classes be recognizable at the time of banding because the numbers banded and subsequent recoveries 
must be recorded separately for each age class. 

We refer to the three age classes as young (birds in their first year), subadults (birds in their second year), and 
adults (birds over 2 years old). This terminology is commonly used in relation to certain species (e.g., geese) where 
2-year-olds are not sexually mature, and it should not be confused with the us of the terms “young” and “adults” 
in Chapters 2 and 3. 

The methods of this chapter are of limited use in relation to waterfowl studies, because three age groups are 
recognizable in only a few species ‘e.g., geese). Also, the analysis of a considerable amount of waterfow! data by 
the methods of Chapter 3 has indicated that the age-dependence assumption, common to the models of this chapter 
and to H, of Chapter 3, is unnecessarily general for many species. However, several sets of goose data should be 
collected and analyzed using the methods of this chapter to decide whether they are entirely inappropriate for 
waterfow|. We suggest that these methods may be of use in studies on fish populations where age may sometimes 
be easily determined by length, or, if necessary, by scale analysis and where the age-dependence assumption may 
not be too general. 

The FORTRAN program BROWNIE is available to facilitate the use of these methods and sample output from 
the program appears in the examples. Data used in these examples are not real but have been generated 

ly. 

Because the models of this chapter apply to a more specific situation and hence are likely to be less useful than 
their Chapter 3 counterparts, the development and treatment of these models is less extensive than those in Chap- 
ter 3. Also less detail is given in describing methods of estimation and testing procedures when analogous pro- 
cedures in Chapter 3 can be referred to. (For a more detailed mathematical treatment see Brownie 1973). Similarly, 
the output of the FORTRAN program is much briefer than that for the two age-class models of Chapter 3. The 
reader should not attempt to use the models in Chapter 4 without first understz.ading Chapter 3. 


Experimental Situation 


The number banded and subsequent recoveries are recorded separately for three groups, i.e., for birds banded 
as young, subadults, and adults. In all other respects the experimental situation is like that of Chapter 3 and 
further description is omitted. We emphasize that each of the three age classes must be represented in every cohort 
released or parameters of interest will not be estimable. 


Notation and Definitions 


k — the number of years at the start of which banded birds are released. 
= the number of years during which recoveries are recorded, 2 k. 
s +» ~k = the number of years, beyond the year of the last release, 


when recoveries are recorded, s > 0. 

N, = the number of adults banded and released in year i.i = 1,..., 7 

K, = the number of subadults banded and released in year i, i = 1,... ,&. 

M, = the number of young banded and released in year i, i = 1,... ,&. 

R, ~ the numberof bands recovered in year j from the adults released 
in yeari.i=1,...,&, j =i, 

Y= the number af bands recovered n year from the subadult relented 
in yeari,i=1,...,&, j=i,.. 

Q, = ‘the number of bands recovered in year fromthe young releused 
in yeari,i=1,..., F. - é 
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The data are presented as in Chapter 3 except that three data arrays are present instead of two. This is illus- 
trated in Table 4.1 in terms of N,, K,, M,, R,,, Y,, and Q,, for a banding study with 3 years of banding and 5 years of 
recovery (k = 3,- = 5, s = 2). Some useful subtotals are indicated in the table. 


Table 4.1. Representation of the data for a banding study with k = 3,/ =5,ands=2 
when young, subadults, and adults are banded and released each year. 





Year of recovery 
Year Number - er - —— Row 
banded banded 1 2 3 4 «=5 totals 
Birds banded as adults 
1 N, R,, R, R,, R,, R,, R, = T, 
2 N R R., R., R.. R. 
k 3 NX. Rw R,, R. R, 
Column totals R , R R, R, R.=T, 
Birds banded as subadults 
1 K, Y,, Y.. Y., Yi, Y,. Y, = V7 
2 K. Y.. Y.. Y. Y. Y. 
k 3 K, Yo Yu Yu Y, 
Column totals Y , Y. Y, Y, Y.=V, 
Birds banded as young 
1 M, Q:. Q. q@.. Q. Q. QU, 
2 M. @.. Q. Q. qQ. Q: 
- 3 M, q.. Q. Q « 
Column totals Q , q. Qo qQ. Q U, 


The arrays representing the recovery matrices are R.,’s for adults, Y,,'s for subadults, and Q,,’s for young. 

As before, row, column, and certain block totals of the recovery matrices are used in summarizing the data. 
The notation is similar to that of Chapter 3. Thus the row totals of the recovery matrices for adults, subadults, 
and young are denoted by R,. Y, . and @, . respectively, i= 1,....4. Similarly, R,, Y, and Q,,j=1,...,/ are the cor- 
responding column totals, and 





' t= 
T=le ot i-R,, ,i=2,...2, 
Y, tel 
al Y,+V, .-Yi.. §=2,...2 
u.-{@ t=1 
 1Q4+U, 6-Q, §=2,...2, 
are corresponding block totals. 
Subtotals involving elements from all three recovery matrices are 
R, i=] 
URL +¥.+Q.-¥4-Q-@ wv b= 2)... 8 


where A, is the total number of recoveries from adults in year : (including recoveries from previously released 
young and subadults which have survived to adulthood), 
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T, =R, 


D,-| t=1 
- T,+V,+U,-Y, -Q, -@ 1 +Q, wt - 


Synthetic data for a banding study with k =; = 6 are presented in Table 4.2 and are used to illustrate the calcu- 
lation of the above subtotzais. 


Table 4.2 Synthetic data for a study with k = / =6,s =0. 

















Year of recovery 
Year Number — — 
banded banded 1 2 3 4 5 6 
Birds Banded as adults 
1 700 36 20 26 11 17 6 
2 700 23 31 22 25 16 
3 700 42 24 23 11 
4 700 38 37 20 
5 700 38 19 
6 700 23 
Birds banded as subadults 
1 800 80 12 20 12 19 3 
2 800 57 33 17 34 7 
3 800 83 26 25 13 
4 800 b4 25 14 
5 800 115 26 
6 800 57 
Birds banded as young 
1 1,000 161 34 21 7 18 4 
2 1,000 109 73 12 16 7 
3 1,000 171 51 26 13 
4 1,000 157 57 10 
5 1,000 198 39 
6 1,000 102 
Subtotals 











Parameters and Assumptions 


The models of this chapter are closely analogous to the models in Chapter 3 and are constructed in terms of the 
same basic parameters: S, the annual survival rate and /, the annual recovery rate. In all three models f and S 
are assumed to be year-specific (indicated as usual by subscripts, e.g., f,) and age-dependent for the three classes -- 
young, subadult and adult (indicated by superscript primes). 

Again we note that the assumption that banded birds in the population suffer independent fates is questionable 
for species such as geese where young and adults tend to migrate and winter in distinct family groups. This point 
is particularly important in this chapter because several species of geese are among the few waterfowl species in 
which young, subadults, and adults are distinguishable through examination in the field. Failure of this indepen- 
dence assumption will not bias the estimates of survival or recovery rates but will invalidate the sampling vari- 
ances of estimators. 
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4.2 The Model Under H, 


We begin with the mode! which is the analogue of the H, model of Chapter 3, and which wecall the model under 
H, ‘or the H, modei). This is the simplest of the three models of this chapter and the assumptions of H, are 

(1) Annual survival and recovery rates are year-specific; 

(2) annual survival and recovery rates are different for young, subadults, and adults; and 

(3) reporting rates are not dependent on the time of release. 

The parameters are: 


f/' = recovery rate in year i for young banded in year i,i = 1,... ,k, 

4 1,if/ =k 
-. ,if/ >k, 
TC 

of young banded in year i—1,i=1,...,k, 
S; = survival rate in year i for subadults banded in year : or survivors 
= 1,if/=k 

, ifs >k, 


S;’ = survival rate in year i for young banded in year i, i-{e 


of young banded in year i — 1, i = - 


fi = recovery rate in year i for adults, i=1,...,/, 
S, = survival rate in year i for adults, i=1,...,, — 1. 


The structure of the model is expressed by the expected numbers of band recoveries in terms of N,, K,, M,, f, f.: 
f'’.S,, Si and S” as shown in Table 4.3. 


Table 4.3. Expected numbers of band recoveries under H, for a banding study with 





k=3,1 =5,8=2. 
cee eA  Yerfvcwry tS ; 
Year Number ene - een 
bended tended  —! = a ae 
Birds banded and released as adults 
1 N, Nf N.Ssfe N.S, Sef, N,S,S,S.f, N,S,S,8,S.f, 
2 N, Nf. N.S.f, NSSaf, N.S,S,S.f, 
3 N, Nf, NS, N,S.S.f, 
Birds banded and released as subadults 
1 K, Kf K, Sif, K,S'Sofi K,S\S,S.f, K,S\S.S, Sf, 
2 K, Kf K.Sif, K.S:S.f. K,S:S8,S,f. 
3 K, Kf. KS K,S\Suf. 
Birds banded and released as young 
1 mM. M.f," M.Si'f? MS, Sif, M.S, S:Ssf, M,S;'S:S,S.f, 
2 M Mf" M.S, ff M.S: Sif, M.S, SiSf, 
3 M, Mf,’ MS.7f M.S, Sif, 
Estimation of Parameters 
ML estimators of the annual recovery rates are: 
R, A 
h=v D ,é=1,...,&, 
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Yu oi 
z-{* : 
y, Yu+Q ws . 
K. Y.+0..-@ er ,§=2,...A, 
ir -& i=... 
The calculation of estimates is illustrated for the data in Table 4.2 and the results can be compared with the 
printout of Example 4. 1b. 
R,xA, 116x336 
h= xD, 700x116 °° 
- R.xA;, 117x55 
f= Nx D. * 700x263 °°. 
- Yu tO 
=, “soo 910 
_ Y, *(Va2+Qy) _ 148x91 
f K.x(¥. +Q, -Qu) goox 232 °°". 
-@ _ 161 _ 
' M, 1,000 — 
Qe 109 
f=. ~ 1,000 ~°1 




















N DR. i=1,...,4-1 
Y, -Vu N; j=] 
$. K, R, ‘ 
Y, - Yu+Q N,., - 
K, (1 Y¥+Q 1 -Q-w- Rey Seiitee lies 
g-2—% ae é=1,...,8-1. 
For example, 
R, x(D,-Ay)* Nz 116(116—36) x 700 
$= N.xDxR, ~  700xliéxil? 
6% x (De= Aa) XN, _ 117 x (S58 — GB) x T00 _ cane 


N, x D, x Ry 700 x 263 x 100 


§ 1% — Yu) XN 66 x 700 . 
K, xR, 800 » 117 


&;-7 (1- Yoo + Qu N, 148 91\ 700 0 





0.4936, 





7.30, -0.) Re 000 \'~ 395) i007 
(Qi ~ Qu) x Ke | 84 « 800 
M,xY; 1,000 x 148 


gv -& ~ Qo) x Ky — 108 x 800 m 
7 M.xY; 1,000 x 147 


.7870, 


S;"= = 0.4541, 
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It is easily seen that these calculations agree with the results in the output from program BROWNIE 
in Example 4.1b. 

Bias-adjusted ML estimators of survival (analogous to the H, estimators S, and S’) are easily constructed but 
are not defined here. We repeat that for sample sizes which are large enough that the precision of estimators is 
good (and hence estimates are reliable) the difference between the adjusted and unadjusted estimators will be 


If / > h, the parameters S,....S » Si.S;". fi ..,...f are not separat:ly estimable. 


Sampling Variances, Standard Errors, and Cor fidence Intervals 


As in Chapter 3, estimates of the sampling variances and 95% confidence intervals are obtained to provide an 
indication of the precision of the ML estimates. The notation used to define the variance es*'mators is like that in 
Chapter 3, and these are used to obtain estimates of standard errors and confidence intervals as in Chapter 3. The 
required variance estitnators are listed below, followed by a single numerical illustration of the computational 














procedure. 
a 
varifi= (£7 le-w* AD i=1,...,h 
. 1 1 1 1 ' 
var’ S,/ = (SP x NOR ery D-A D ,i=1,...,4-1, 
Sal -fo/K, isl 
varif) . 
ely tyes +@Q, » ¥ +0 » -@ - | bok... 
1 1 1 1 , 

x es a Ad aA tie 
var’ S)) 

. 1 1 1 1 1 1 

ae es ae —> = ,i=2,...4-1, 

CP Y, ER... M.. H-¥et@-.-@-u.-O-0 ¥.*6-.-O-u |. ities 
varif')« At+ ,é=1,...,h, 

“., 2 oe WS ee = a 
variS) =< (SP a - —" uy... z—| ,i=1,...,4-1L. 
For the data of Table 4.2. 

1 1 1 1 1 
var(S,) =< (8,7 lei nN.” RN, “5a 3 5 10.9253" | = 5554 100 700 * Spa ~ 39g |" 0.01429416, 


se S.) = V 0.01429416 = 0.1196, 


and 1.46 « se/S,/ ~ 0.2344, thus the 95% confidence interval for S, is (0.6909, 1.1597). 

Comparison with the output of Example 4.1b shows that the lower bound of the confidence interval in the ex- 
ample is slightly different from the above result. As mentioned before, such differences are due to the greater 
accuracy of the calculations performed by the computer. Note also that the confidence interval for S, is wide and 
contains impossible values. In real data this would indicate an insufficient number of birds were banded. The out- 
put in Example 4.1b shows that estimated standard «rrors and confidence intervals are printed beside each esti- 
mate so that tedious computations can be avoided by using the FORTRAN program BROWNIE. 


Sampling Covariances and Correlations 


Estimates of the sampling covariances and correlations between the ML estimators are obtained as in Chapter 
3, and the notation used is again similar. All the covariance estimates listed below (and the corresponding correla- 
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tions) are contained in the output of the FORTRAN program (see Example 4.1c) and are presented here largely 
for reference purposes. 

Again we point out that these are estimates of the sampling covariances and correlations between the ML esti- 
mators and do not reflect a relationship between the unknown parameters. It is important to obtain an idea of the 
magnitudes of the correlations, because if these are substantial, they will obscure, or be confounded with, any 
relationship that exists between the unknown parsmeters. In Example 4.1c we see that many of these correlations 
are estimated to be quite large. Nonzero sampling covariances are estimated by 






































cow, 8)=48[ 5 5-5 i=1,...,k-1, 
“— » att 1 
covif,., SJ=-f..S, R, "WN ,i=1,...,k-1, 
.. 2 - gf 1 1 
covif,., Si=-f.. §; R "WN. i=1, ..&-1, 
—" —- #£ 1 
cov/S,,S,. j=-S,S,., R. “N i=l, .. &-2, 
Labi iets 
cov’ §,, ) = &, 8 [5 -¢ ~~ = 
cov'$,..83)=-§, 8) [5° 7a .i=1,....4-2, 
4+1 | 
| =A STK, i=] 
covif;, Sjj=4 - - ! 1 
WS) leit —-e'-] j=8,...d-1, 
os . 
covif’. 8) =-f. 8 ss i=1,...,k-1, 
7 ” : = l 2 
cov’ S;. ,. 8’) =-S8;., 8 7—-z i=1,...,4-2, 
cov f'’,S)') = -f' Si M, ,i=1,... 4-1. 
Goodness of Fit Test 


As in Chapter 3, a goodness of fit test is computed for each model to help in judging the adequacy of each model 
and in choosing the best model for a given data set. The goodness of fit test of the model under H, is computed in 
program BROWNIE in a manner analogous to the computation of the goodness of fit test of the model under H,. 
As before, the test statistic is chi-square distributed if the assumptions of H, hold, and the result is interpreted 
in the usual way (i.e., “large” chi-square values indicate that agreement between model and data is poor). 

The test for the synthetic data of Table 4.2 (see Example 4.1h) gives a chi-square value of 26.43 with 3C df. The 
probability under H, of a value at least this large is 0.653 and hence there is no reason to suspect that the assump- 
tions of H, are incorrect. (This is not surprising because the data were generated using the model under H, as the 


probability model.) 


4.3 The Model Under H, 


We now consider the model which is the analog of the H, model of Chapter 3. The model under H, is the most 
general of the three models of this chapter. The intermediate model (the model under H,) is discussed in the next 
section for reasons given there. The assumptions of H, are 

(1) Annual survival and recovery rates are yeur-specific; 

(2) annual survival and recovery rates are different for young, subadults, and adults; and 

(3) in any year, the reporting rate for new releases is different from that for survivors of previous releases. 
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Assumptions 1 and 3 of H, are the same as those for H., and H, is a generalization of H, in the same way that 
H, is a generalization of H,. Comments related to choosing between H, and H, (see Section 3.7) thus apply to 
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choosing between H, and H,. 


Because of assumption 3, newly released adults and adult survivors from earlier releases have different recovery 
rates, defined as f"""’ and f,, respectively. Also, newly released subadults and the subadult survivors of young 
released the year before have different recovery rates, defined as f and f’’, respectively. All other parameters, 


ie., S,, S’, f'', S’’, are as defined for H,. 
The structure of the model is expressed in Table 4.4. 


Table 4.4. Expected numbers of band recoveries under Hs for a banding study 


with k=3, / =5,8 =z. 


























Year of recovery 
Year Number 
banded banded 1 2 3 4 5 
Birds banded and released as adults 
1 N, Nf NSift N,S,8.f; N,S,S,Sof, N,S,S,S,8.f, 
2 N, Nf,” 1Sofy N,SSaf, N,S,S,S.f, 
3 N, Nf” NSaf, N,S,Sf. 
Birds banded and released as subadults 
1 K, Kf, X,Sif, K,S/S.f, K,S'S,S.f, K,S'S,S,S,f. 
2 K, Kf! K,Sif, K,S:Sof, K,S,8,8.f, 
3 K, Kf; K Sf. K,33S.f, 
Birds banded and released as young 
1 M, Mf,’ MS)" M.S; S:f, M,S;'S,Sf, M,S;'S,S,S.f, 

2 M. Mf; M.S; f;" M.S, Sif, M.S, 'S,S.f, 
3 M, Mf,’ M.S; f,"’ M.S, Sif, 
Estimation of Parameters 

ML estimators of the individually estimable parameters are: 
ja% -R A, - Ry _f2-- hm lifie@k 
N, D-A-R, +R, “12,...8 iff >h, 
fr =F i=1,...,h, 
‘ 4 i=l. he 
; “M, i=1,...,8 
°° Qa F Y,.- Yu i=(o vy ow 
i . = -@ s Oo ” K, Thos if/>k, 
- R, - Ry N,., Dy. Aint —Ri ns Ric caes =| 1,...,&-2if/e=k 
S= N, Rio — Ric sacs D.i-Ri.s “s 1,... h#-1ifd >k, 
2 Y, - Yu Ni. DAs Ri FRc taes i=| 1,...,k&-2if/e@k 
ae Wh ers Ire asthe: fe) 1. ke 1e> b, 
Ss Q. -Qi- Qu. ~~ K.., Ji={ reaygh= 2if/e@k 
7 M Yieu—Viewses 1,...4- lif/>k. 
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For example, for the data of Table 4.2, 


80 x 700 x (263 — 55 — 117 + 23) 
700 x 94 x (263 — 117) 


~ 66x 700 x (263-55 -— 117+ 23) 
S'= 490 x94x 1963-117) 4797. 


;,,_ (245-161 -34)x 800 
5'= 1,000 x (148 - 57) = 0.4396. 


§, = 











The (unadjusted) ML estimators defined above are evaluated and printed out by the FORTRAN program (see 
Example 4.1f). Bias-adjusted estimators are not presented here for the reason given in Section 4.2. 


Sampling Variances, Standard Errors, and Confidence Intervals 


The output of the FORTRAN program contains an estimate of the standard error and corresponding 95% con- 
fidence interval beside each ML estimate evaluated. The standard errors and confidence intervals are estimated 
as in the previous section and earlier chapters using the variance estimators defined below. 
































* 1 ’ 2,....k-lifle@k 
vari) = (fi? R. ke N.*D-A-R +R, A-R,| isles if/ > k, 
var f= fh!" =f IN, oe | 
varif =f -f9/K, éul,...h, 
varif=f' A-f90/M, é=1,...2, 
1 j2,...,e-lLiff=k 
‘2 - 
vari" se Ue Fes7 Y, -K* Qa » ~@ ‘4 ~@ i z i “ (2, wh if/>k 
—— 1 i 1 
van) = (EP Fe Rk, No R,. 1 ~R,. ates Beet 
Panam ! on —| Nae 
PPS Fe owe Pre ler oe em lt,... A-1M/ > &, 
7 5. . 1 
vari$}) = (S$)? | 5 ~¥, “ER Bou Ne 
-| (Ly... k= 2iflek 
of -A,. ss pt Ricans yr = i=|, ght 1lifi > ak, 
a © 1 7 i _ fl... k-2ifl=k 
ee oar? Q. re NT bole s-ame>e 


For a numerical illustration of the computational procedure, see Section 4.2. Use of the FORTRAN program is 
recommended to avoid the tedious calculations involved. 

Comparison of the appropriate portions of Example 4.1 (i.e., 4.1b and 4.1f) shows that confidence intervals based 
on the H, estimators are considerably larger than those based on the corresponding H, estimators. This is to be 
expected since H, is the more general model with a larger number of parameters to be estimated. As discussed in 
a similar context in Chapters 2 and 3 this must be taken into account when deciding which model to choose for a 
given data set. 


Sampling Covariances and Correlations 


Estimates of the sampling covariances and correlations between the ML estimators are contained in the printout 
of program BROWNIE (see Example 4.1g). These are obtained as in Chapter 3 using the estimators defined below 
for all the nonzero large sample covariances. The estimation formulae are presented here mainly for reference 
purposes, and numerical illustrations are omitted. 
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Goodness of Fit Test 


A goodness of fit test to H, is computed by the FORTRAN program in a manner analogous to that used in com- 
puting the goodness of fit test to H, (Section 3.6). Thus the printout, like that for H,, consists of a series of contin- 
gency tables with resulting chi-square values and degrees of freedom. (The contingency tables are derived from 
the rows of the recovery matrices as described in Brownie 1973). Individual chi-square values and (separately) 
the degrees of freedom are summed to give a total chi-square with corresponding degrees of freedom. 

In Example 4.1h, we finu that for the synthetic data of Table 4.2 the total chi-square value testing goodness of 
fit for H, is 20.16 with 22 df (inadvertently not photographed for Example 4.1h). For real data, such a result would 
suggest that there is no indication that the assumptions of H, are incorrect. 

REST CaPY AVAILABIE 





126 CHAPTER 4. MODELS FOR BIRDS BANDED AS YOUNG, SUBADULTS, AND ADULTS 


4.4 The Model Under H, 


The model of this section 1s based on a parameterization which is intermediate in complexity between those of 
the models under H, and H,. However, it is difficult to find a meaningful biological interpretation for this param- 
eterization, and for this reason the rocdel is considered last, and is included only because the related estimation 
and testing procedures have been cod: in program BROWNIE. 

To be consistent we define a hypothesis H,, with assumptions | and 2 the same as those of H, and H,, but with 
a third assumption that is artificial in that it is dictated by the parameterization and has not been derived from 


The assumptions of H, are: 

(1) Annual survival and recovery rates are year-specific; 

(2) annual survival and recovery rates are diferent for young, subedults, and adults; and 

(3) in any year, newly released subadults, and subadults that are survivors of young released the year before, 

have different recovery rates (namely { and f"'’). 

The expected numbers of recoveries under H, for k = 3 and / = 5 are shown in Table 4.5. Note that wecannot attribute 
the difference in the recovery rates for subadults to the effect of a different reporting rate for new releases, because 
then it would be logical to assume that the recovery rate for newly released adults is similarly affected, leading 
to assumption 3 of H,. 


Table 4.5. Expected numbers of band recoveries under H, for a banding study 
with k= 3, /=5,s=2. 

















Year of recovery 
Year Number ———— 
banded banded 1 2 3 Ss es 5 
Birds banded and released as adults 
1 N, Nif NS fc N,S,8.f, N,S,S8,S.f, N,S,S8,8,8.f, 
2 N, Nf: N.S.f, N,S.Sf, N,S,S,S.f, 
3 N, Nf NSof NSLS 
Birds banded and released as subadults 
1 K, Kf’ K\ Sif, K,S'S.f, K.SiS.Sf, K,SiS,8,8.f, 
2 K, Kf? K.S{f, K,S)Sif, K,S:S,S.f, 
3 K, Kf. KS KSiS.f, 
Birds banded and released as young 
1 M, Mf,’ M,S;'f."’ M.S,'S:f, M.S)’ S)S.f, M,S,'S,S,S,f, 
2 M Mf. M.S; 'f,"’ M.S, 'S.f, MLS, S,S.f, 
3 M, Mf,’ MS, 'f;" MLS, 'S.f, 
Estimation of Parameters 


ML estimators of individually estimable annual recovery and survival rates are: 


i af 5 i=1,...,& 
jt 7 j=l, he 
jr = @ é=1,...,8 
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/ Q-: ~Q-w-1- Qu K, : 2,...,R if />k, 

S= ® a4 a : i=1,...,4-1, 

g th oe i=1,...,4-1, 

§& -9-O-Q-: K,., Se oe 
M, Vues —Viewses ‘ 1,... A-1Lifi>k. 


Estimates obtained by evaluating the above formulae for the data of Table 4.2 are shown in Example 4.1d. 


Sampling Variances, Standard Errors, and Confidence Intervals 


Confidence intervals for parametu'rs are obtained using the above ML estimators and the estimators of their 

















sampling variances defined below, 
a : 
vari fi) = =(f? le-w* ee ,é=1,...,h, 
var(S,) = (a | ; “N, a yt D-A 5 ,i=1,...,a&-1, 
saiiadia tea ,i=1,...,h, 
vari) = (8 | 55 2 i=1,...,8-1 
¥:-Yo Ki Rice. Mes oe? : 
var(f=<f'A-f9/M, én1,...2 
2s —s 1 1 1 1 _ 1,.... 4-2ifl=k 
vari; =(S; , 2 6-0 er. E.. ” ta ba me>k 
ee a ee 1 1 (2)... Lifl=k 
vari fi") = (fr YY, =-Y¥y a er eee ee we 12... fe >k. 





Estimators of the nonzero, large-sample vovariances between the ML estimators are defined below. Estimates 
of the corresponding correlations are obtained in the usual way. Thus, 























cov(f,, 8) =£8, lie 5" Bs ,én1,... 2-1, 
cowl). Si) =-f. 8, {=~ “ | ,i=1,...,4-1, 
cov. Si) =f. 8! le a i=1,...,4-1, 
cov’, 8. = - $8... e-a é=1,...,8-2, 
cow S, . ,S}) =-8,. 8; Ba ,i=1,...,4-2, 

cow S,, §)=8 8; | : 5 . i=1,...,4-1, 
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cow f’, S}) =- #8; /K, i=1,...,4-1, 
cov(f. Si) =f 81K. re ee ed 
cou ft) =—f hI a ear 
cow S;. ,,S;") = -S;. 8," Fa - -_ | i=1,...,k-2, 
pry gpee[_? 2 bas a 
cov(S;. f7 J=S) fF Yy, -Y, K. .4=2,...,R 1, 
cot.) =f a ret 
nar Yt __ fl,...,.k-2if/=k 
cow," fi: v= s: fi: ly a Kiesaes E..| - 1,....k-lLifi>k. 


Estimates of covariances and corresponding correlations obta'ned by evaluating the above forrnulae for the data 
of Tabie 4.2 are contained in Example 4.le. 


Goodness of Fit Test 


A goodness of fit test to the model under H; is computed by the FORTRAN program in a manner similar to that 


used for the goodness of fit test to H,. For Example 4. 1h the chi-square value testing goodness of fit for H; is 22.11 
with 26 df (inadvertently not photographed for Example 4. 1h). Such a value is consistent with the assumptions of H,. 


4.5 Testing Between Models 


As described in Chapters 2 and 3, it is important to choose the model which seems most appropriate for a given 
data set, in the sense that the model has sufficient parameters to provide an adequate description of the data, but 
not so many as to make estimation inefficient. This is accomplished by examining the results of goodness of fit tests 
to each mode! and the results of tests which compare one model with another. The latter tests are the subject of 
this section. As before, we always compare a simpler model with a more general alternative, and if the resulting 
chi-square value is significantly large, the simple model is rejected in favor of the more general one. 

Because of the artificial nature of the H, assumptions, the important test is comparing H, with H,. The corre- 
sponding test statistic is not printed out by the FORTRAN program, but is easily obtained from the test statistics 
for the tests of H, against H, and H, against H,, as described below. 


H, us. H; 


The test statistic for comparing H, with H; is obtained as the sum of the single degrees of freedom chi-square 
statistics from each of the contingency tables 














Y | %-¥ Y, | (2... Jk Dif l=k 

Panne oe eee eee ee eeooeoeieero-ooroororooro-— , i= 

@ 1 ! Q 1 —Q- wi - Ge w OQ - 1+ —Q- wie 2,...,2 if/>k, 
Y¥,+Q-1-Q-ws-s 
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The format of the printout of program BROWNIE is like that for the tests between the models of Chapter 3, as 
can be seen in Example 4.1h. Thus, individual contingency tables and chi-square values are printed, as well as 
the "TOTAL CHI-SQUARE” and corresponding degrees of freedom ‘which are k — 2 if / =k and k — 1 if > k). 

As discussed before ‘see Section 3.7), information can be obtained by examining individual chi-square values 
as well as the total chi-square value. Each contingency table provides a test of the equality of f and f"’. Signifi- 
cantly large chi-square values are taken as evidence that inequality exists. 

For the synthetic data of Table 4.2, which was generatec “ing the model under H, as the probability 
model, the test results in a nonsignificant chi-square value of 4.322 with k — 2 = 4 df (see Example 4. 1h). 








H, us. H, 
This test is based on the contingency tables 
 R, R —R,, R, A 1 if + k 
a ne Se i= 
A.-R, | D-R.-A+R. | D-R 2,...k iff >k 
D, 





and is otherwise analogous to the test described above. Similarly, the printout is like that for the test above (see 
Example 4.1h). The degrees of freedom for the totai chi-square value are k — 2 if: = k and k —1 if; >k. 

Each contingency table provides a test of the equality of {"'’ and f, Large chi-square values are taken as indi- 
cating that inequality exists, and that the H, assumptions are more appropriate than those of H,. 

For the synthetic data of Table 4.2, the total chi-square value is 1.947 with 4 df (Example 4. 1h). 


H, us H, 


The test of H, against the alternative H, tests the validity of assumption 3 of H, against the alternative that 
new releases have a different reporting rate from that for survivors of earlier releases (assumption 3 of H,). The 
chi-square test statistic is obtained as the sum of the test statistics for the two tests described above. The degrees 
of freedom, obtained by summing analogously, are k-2+k--2= 2k—4 if ‘=k and k—-1+k-—1=2k-2 if ¢ >k. 
For example, using results of Example 4.1h, the chi-square value and degrees of freedom for the test of H, vs. H. 
for the data of Table 4.2 are 4.322 + 1.947 = 6.269 and 4+ 4 = 8, respectively. With such a result there is no reason 
to discard H, in favor of H,. 

Choosing between Chapter 4 models and their relationship to Chapter 3 models is discussed further in Section 4.6. 


An Example 


This example consists of the complete output from the FORTRAN program for analysis of the data of Table 4.2. 
The output is similar in format to that for the Chapter 3 models, but is not as fully documented. The output is 
self-explanatory with the exception of the following points. 

The recovery matrices are printed out in the order — adults, young, subadults. This is different from the (more 
natural) way the data have been presented in Table 4.2. 

The basic subtotals printed are also in a different order from those in Table 4.2. The subtotals labeled Wi1), Zi) 
and Bil) can be ignored. Those labeled SUMABi1) are the same as those labeled D, in Table 4.2 except for the 
k’* one. 

An important point to note is that the program will not accept data sets with : = & + 1 (.e., s = 1). An error mes- 
sage is printed if such a data set is read in, and no computations are performed. 

As usual, estimates labeled Fil), Sil), ete., represent /, §,, etc. Similarly COVAR(F(1), SiI)) represent cov//, S,/. 

Estimates under H, labeled SK - 1 FK,S’'K — 1 FE, S'’K - 1 F’’’K can be ignored. These are estimates of products 
of parameters which are of little interest. 
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Estimates of survival of over 100% and large confidence intervals hive already been noted. Clearly, with adult 
recovery rates of approximately 5%, releases each year of 700-1,000 oirds in each age class are not sufficient to 
provide reliable estimates of the different survival rates. 

The results of the goodness of fit tests, as noted above, indicate that the simplest model (i.e., the model under 
H,) seems adequate, and this is borne out by the tests between models. This is not surprising because, as stated 
earlier, the data were generated stochastically using H, as the probability model, with values of f,S,, f.S;, ff’. Si’ 
which are not improbable. Comparison of the estimates (particularly the H, estimates) with the actual parameter 
values used in generating the data may be of interest; Table 4.6 gives the true parameters used in generating the 
data of Table 4.2. However, we emphasize that this data set represents a single sample and is not a simulation 
study on which we can base conclusions concerning precision and bias of estimators, power of tests, and so on. 


Table 4.6. Parameters used in generating the synthetic data used for illustrative 


The methods of this chapter represent an extension of the methods of Chapters 2 and 3 to the more complex situa- 
tion where young, subadults, and adults are thought to have different survival and recovery rates, and data are 
recorded separately for these three age groups. Sim:!arly, analogous procedures can be developed for even more 
complex situations where data are recorded separately for four or more age classes and survival and recovery 
rates are specific to each age class. However, the limited applicability of the methods in Chapter 4 suggests that 
further extensions are of little value at this time, and the methods of Chapters 2 and 3 seem adequate for the anal- 
ysis of most bird banding data we have encountered. 

We have seen that as the complexity (or number of parameters) of the models increases, the number of birds 
which must be banded to obtain reliable estimates of survival also increases. This factor precludes application of 
the Chapter 4 methods to other larger game animals (e.g., deer) where age may be more easily determined but the 
tagging of thousands of animals is not feasible. Thus, in Example 4.1, where H, is correct, and adult recovery 
rates are approximately 5%, then banding 700 or more of each age class, i.e., over 2,000 birds annually, is not suf- 
ficient to yield confidence intervals of a reasonable length. If survival and recovery rates are appreciably different 
for subadults, then using a simpler model such as H, or H. will result in biased estimators (but shorter confidence 
intervals), and as usual there is a tradeoff between loss in accuracy and gain in precision. The H, estimates for the 
synthetic data of Table 4.2 are shown in Example 4.2 to illustrate this point. Con:parison of the H, confidence 
intervals for adult survival rates with the true parameter values in Table 4.6 shows that only 1 of the 5 confidence 
intervals includes the true value. 

Finally, if analysis of a given data set by Chapter 4 methods (three age classes) indicates that H, is preferable 
to H.,,, it is possible that H, is too general and that a two-age-class model of Chapter 3 may be adequate. The data 
for adults and subadults should then be combined and a Chapter 3 analysis performed. (Alternatively, a Chapter 3 
analysis could be carried out first and the Chapter 4 analysis used only if it is indicated). If H,and H, are rejected 
in favor of H,, then the Chapter 4 methods are appropriate. However, note that H, and H, are not strictly com- 
parable in the sense that one is more general than the other, because the H, parameterization allows the assump- 
tion that reporting rates are different for new releases whereas that of H, does not. Nevertheless, rejection of H, 
and H_ in favor of H, 1s one indication that subadults have different survival and recovery rates and that a Chapter 
4 mode! may be appropriate. 
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This is illustrated in Example 4.2 which consists of portions of a printout obtained by combining the data for 
adults and subadults in Example 4.1, and analyzing the combined data and the data for young using the two-age- 
class models of Chapter 3. The combined recovery data for adults and subadults are printe:! as the “IN- 
PUT MATRIX” for adults. Note that the chi-square values for H, vs. H: and for H. vs. H, are both significantly 
large and H, and H: are thus rejected in favor of H;. Also, the H; model is the only one for which the goodness of 
fit test is not significant (x? = 11.28, df= 12). This confirms that, : s indicated in Example 4.1, the H, model is appro- 
priate for these data. 
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Example 4.la 


SYNTHETIC OATA GENERATEC FCR THE THREE AGE CLASS CASE 


acuLTs INPUT MATRIX 


BASIC SUBTCTALS 


RACWITD RACOLETD CROWEE) 
116.00 36.00 245.00 
117.0¢ 43.00 217.00 
1c0.0¢ 99.00 261.00 

$5.00 95.00 224.00 
$7.00 140.00 237.00 
23.00 95.00 102.00 


Ce 
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1cé.00 


vyaowtt) 
146.00 
148.00 
147.00 
103.00 
141.90 
$7.00 


vCOL(t) 
80.00 
69.00 
136.990 
119.00 
218.00 
120.00 


it) Sumastt) 
ue 116.00 
60.00 263.00 
208.90 449.99 
276.00 $70.00 
301.00 $36.00 
133.00 0.0 
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Example 4.1b 


SYNTHETIC CATA GENERATED FOR THE TRPEE AGE CLASS CASE 


ESTIMATES UPDER HE 














Fan) 
ve Estimate tTaacaro S*% CONF IDENCE 
ounnauEne ~—£2808__ ~--ISIESMAL___ 

1 0.0516 ¢.coss C.0351 = 0.0078 

2 0.0350 0.0051 €.0249 = 0.0650 

3 ©.0550 6.0081 0.0432 = 0.0669 

& 0.0688 0.0055 €.0379 = 0.0597 

S 0.0566 0.co7s 0.0421 - 0.0781 

* ¢.0329 0.0067 C.C197 = 0.0661 
Avewace stancaec 95% CONFIDENCE 
ESIASAIE ae .~- ABIES AL 

F = 0.0666 0.0027 0.0413 = 0.0515 

eran 

ve estimate STANOARO S52 CONF LOENCE 
1 ©.1000 0.0196 €.07S2 = 0.1208 

2 0.972€ 0.0089 6.0569 - 0.0883 

> c.tn26 2.0101 f.0927 = 0.1322 

& 0.0767 0.0084 C.0603 - 0.0932 

Ss ¢.1657 0.0121 C.1221 = 40,1696 

6 c.0712 0.0091 C.08% = 0.0891 
avewac’ STANDARD 95% CONFIDENCE 
EStivalt eeece.__ ~--JSIESYa 
few 0.0906 0.0040 0.0886 = 0.1063 

Ferene 

ve fStimate sTancaeo 950 CONFIDENCE 
ocnenese ~-E8808_. ~--ADTESYAL. 

1 O.1e80 0.0116 C.1382 = 0.1838 

2 0.1990 0.0099 C.0897 = 0.1283 

2 0.1710 0.0119 C.1477 = 0.1963 

4 0.1570 9.0115 Co134S = 0.1795 

Ss 0.1960 0.0126 €.1793 = 0.2227 

6 0.1020 0.0096 0.0832 = 0.1208 
aveRace STANDARD 95% CONF LOENCE 
ESIIPAIE esece... ~~-JSLESYAL 

eee + 0.8687 0.0046 0.1807 = 0.1587 


3. 




















sats 
ESTIwate STAmOARC 95% COAF IOENCE 
- —-£88238__ ——iSIESYaL___ 
0.6838 0.0922 0.5030 - 06.9665 
0.9253 9.1196 3.6519 - 1.1597 
0.4471 0.08693 9.4719 = 6.8222 
1.06% 9.1735 3.727% = 1.46073 
Cc. 7560 0.1903 0.3829 - 1.1290 
aver ace STanOaRod 95% COM IDENCE 
ESIIszale cseos___ ~--ibLEfva 
= 0.8159 0.0396 3.7382 - 9.8936 
sean 
EST IPate STANCARC 95¢ COAFIOENCE 
=. --£2808__ 
0.4936 0.0716 0.3533 - ©.6339 
6. 7870 0.1022 0.5867 - 0.9873 
0.52% 0.0759 0.3770 = 0.6743 
0.6359 o.t167 3.4142 - 0.6638 
0.9284 0.2671 0.44460 - 1.6128 
aver ace STawOaro 95% CONF IDENCE 
estiealt £es08 __ ~--1b1ffyat___ 
= 0.677 9.0618 3.5536 - 0.7959 
seta 
estimate STawoaro 9S COKFIOENCE 
_—— ~-£a808__ 
0.4541 0.0582 0.3400 - C.S568i 
0.5678 0.0691 0.46524 = 6.7238 
0.6990 0.0953 0.5123 = 6.8857 
0.38Cl 0.0534 0.275% = 0.48469 
0.546% o.tto?7 0.3303 - 0.7644 
AVERAGE STANDARD 958 CORFIOENCE 
ESIisalt £8628. _ ~--ASIES¥aL___ 
* 0.5537 9.9360 0.4632 - 0.6062 


BEST C6PY AVAILABIE 
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Example 4. Ic 


SYNTHETIC OSTA GENERATED FOR Tee THREE ACE CLaSS Case 
ESTIMATED HEN TERD COVORIONCES ONT COPRELSTICNS UNDER we 


VR COWSPRIFIED Std) 
' -ct. 


Vvrtunew 
vrwew 


COVaRIFILeLd.S*C aes 
300122815 


-c. 
-0.000371 326 
-0.090233370 


-0. 000562 744 
-C.COL2Z82 716 


COVARISCTSS*CTD8 
0. 00740274666 


wrtene= 
eouenedt 
o 
x 
+ 


wereaneew 

ecenet 
° 
HE 


COWARIS*ELOLD.S* °C TDD. 
1% 7903 


~0.001715530 


"weenee= 
srenas 


COPRIS*EL OLDS SLEDS 
-0.331000065 


-C, 321300680 
~0. 345067340 


COWAROF I Tel). Sees 
-6. ! 


COWARES ELD St tonee 
~0. 006503826 
~6. Om 1 BIETS 


0, OOS 203326 
-0. 01 3003092 


COWARISC TOLD. S*ETE) 
-0.003751 


COWAREF ETE STEERED 
-©. 000073103 
-C, 090604 088 
~0. 000119536 
-0. 000059087 
-0. o001008579 


CHAPTER 4. MODELS FOR BIRDS BANDED AS YOUNG, SUBADULTS, AND ADULTS 


eee oy 


(rE ABOVE APE ESTIFOTES DF THE SOPPLING COVARIGNCES 24D CUOPPELATIONS GETHEER THE PaPanETER EST IPaTors. 


agst gary AY ALAait 





STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 4.1d 


SYNIFETIOCO COTA CEWEPATED FOR WE TePEE SCE CLOSS CASE 


FSVICRTES UNDES HS 





ft = * 























ALE) 
ve tstvwate STantaeo S2 Cont TOENCE 
eusasuse £2208... ~--J51Eeua_.. 
i %.0586 0.9083 0.0951 - 0.0078 
? ¢€.03%0 0.90581 C.0249 - 6.04650 
» c.0sse 0.0001 C0432 - 0.0009 
+ 0.008 0.0085 C.0379 = 6.0597 
S 0.0500 0.0076 C.0421 - 6.0788 
* cc 0.006? C.0187 = 0.0601 
avenace ST aNcaeo SfR COWF IDENCE 
tsiisalé eeece... ~~ SLES“. 
- + 0.0600 0.0027 0.0613 - 9.0515 
ertts 
ve fiveae aaa 95% COW TENCE 
outie — os) 
1 ¢.1900 2.0196 C.0782 = 6.1208 
2 0.0702 0.0091 €.0834 = 0.0091 
> %.1097 0.0198 0.0826 = 0.1249 
4 0.0800 0.00% C.0612 = 6.0008 
Ss fee? 9.0126 C1196 = 0.1001 
¢ core 0.0091 C.08% = 0.0091 
avewace STancaro 95% CONF LOENCE 
Cslasale £2008... o 
e+ ©0980 0.0042 0.080? = 6.1099 
errene 
e aT Tiahcaed ~~ GSa Cini ToENce 
os ~~£ano8_. ~~ LSA... 
1 %.te00 0.0116 C.1m2 = 0.1038 
2 0.1090 0.0099 C.0807 = 0.4203 
d o.1700 6.0118 C.1677 = 0.0009 
+ 0.1570 0.0188 C1945 = 6.0795 
Ss ¢.1900 0.0126 C.1793 = 2227 
& 6.10270 0.cove C.0832 = o.1208 
aveeace Stamcane 95% CONF LOENCE 
© 0000? 0.0046 0.1607 = 0.1587 
ererens 
ve Givinae STandaeo S37 Cone ToENTE 
ecsene=e fee... ~--ABLEOta 
i 
2 ¢.077 0.0188 C.0605 = 0.1062 
» O.tees 0.0997 C.0890 = 6.2667 
« 0.0097 0.0188 0.0308 = 0.0967 
s Cte 0.0729 C0826 = 0.9201 
evsnees Stamoaro ove CONF LOENCE 
Free» One 0.0217 0.0808 - 0.1058 


























sun 
estimate STANDARD 95% COMP IOENCE 
—tsno8__ ett.) ) 
0.0838 9.0922 0.5030 - 0.8665 
6.9253 0.1198 0.6910 = 1.1597 
2.067! 2.0893 2.4719 = 9.0222 
1.0674 O.8735 0.727% = 1.46073 
0. 7560 9.1993 3.3879 = 1.1299 
avew ace STANDARD 95% CONFIDENCE 
ESlirale tse08... ~--A5 1830... 
+ 0.0159 0.039% 0.7382 - 0.8936 
state 
istivate STawoaan OSE COMFPICENCE 
£8808... _--AsTESyeL__ 
0.4936 0.0715 0.3553 - 0.6399 
0.7962 0.1077 0.5851 = 1.0074 
0.5895 0.0903 0.4125 - 0.7665 
0.5987 0.1205 0.3625 - 0.8368 
0.9861 2.2785 0.4633 - 1.5349 
aver ace stTawoano 95% CORFLOENCE 
ESlizate £628... -AS1ESva 
* 9.6936 0.0084 0.5594 = 0.8275 
serene 
itiimaie STawoaad OSE COM lOENCE 
~-£ea08_. ti: 
0.4396 0.0745 0.2935 - 0.5856 
0.4375 0.0896 0.2619 = 0.0181 
6.8000 o.u7TA O.4528- 1.1672 
6.3077 0.1136 0.0851 = 0.5303 
aven ace stawoano O58 COM TOENCE 
* 9.4902 0.0601 0.3783 = 0.0168 
Steen een 
istivave STamoaRo O58 COM DENCE 
£9808. ~--iSLE8Ya 
0.0990 0.0061 0.0270 = 0.0510 


BEST SerY AVAILAGI k 
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CHAPTER 4. MODELS FOR BIRDS BANDED AS YOUNG, SUBADULTS, AND ADULTS 


Example 4.le 


SYNTHETIC DATA GEWERATED FCR TRE TREE QGE CLASS CASE 
ESTIMPATEC NON-ZERD COVARIANCES AND CORRELATICNS UNDE® HS 


eranen wranen Vrtene= Se ee Vranee Vwrtunere~= 


scenes seounnaes eeunes eounes eeounes weened 


rane 3 


COVARIFCTDSCtDD 
=~ 0. 000050236 
0. 00C10725¢ 
€.006225955 


0.000363052 
22000591298 


COVOREFT LOLI S*CEOD 
-0.000122813 
-0.00037See8 
6.000261 705 
~0.000545969 
0.001 3eee1¢ 


COVARISCLOLD.S*C 00) 
-C.003251200 
~0.004416123 
0.005 724195 
~0.0072936% 


COVARIETCIDS* CRD) 
-0. 00006 1699 


- 0.000059868 
=O. 0OCITTT34 


COWMRIFTTLDLET Cade 


-0.00C033287 


COVARTS*CTD eee nee 


COVORES*TCTDLES* CC tens 


~0. 000331126 
~0.001069375 
=0. 001243941 
~0.002121057 


COCORIFILD, SEEDS 


0.3778271 36 
0.419539608 


COMRIFi TOLD, S*EROD 
-0. 334865325 
~0.575 267452 
~0.52 3084352 
~0.611926022 
-0.728308381 


CCORISiLoLD, S*Caed 
-0. 379989969 


0. 4587S 74246 
0. 3654156460 
~0.318028380 


CCPRTETCLDSS* CED) 
-0.081286439 
~0.07230835¢6 
~0.078514990 


0.051 801624 
-0.0514655091 


COMRIFTCEDS EOE E DD 


-0.06026460861 
~0.050542093 
~0.039S507277 
-0.03082464146 


COOPTS*CLDSET OP aaeD 


CORRESTTCL OSES CE GoD 


-0.230210267 
0.29490 3029 


~0.417408350 
~0. 256299700 


COWARIF CL OLD,StLb) 
-0. 000170131 


CIwWARISCED Sttenee 
-0. 0065038246 
0. 005131982 


-0. 000283324 
~0. 013003099 


COWARISCED,S*Ctb) 
0.092402450 


0. 010297995 
0.031443260 


COWARIF*CLeLd,S**Ctee 
oo00se16s 


°. 
0. 000056738 


9. 009089000 
0. 000055288 


COWARIS*ETOLDSS** CE 


-0. 003408651 
-0. 003707234 
-6.011682007 
~0. 011325236 


COWARIF STEED, SttCEbD 
0. 000079769 
0.00004 7687 
-0. 000136800 
-0. 000048 308 


COPRIFCT OLD SED) 
0. 959974129 
—0.814461310 


COMRESTEDSttoaee 
0. 608482036 


6.047083209 
©.038251102 


COMMES*E LORD S** Cee 
~0.424550718 


0. 450118236 
~0.5473061468 
=0. 350129930 


COMMEF Tite, St ctee 
-0. 081719908 


ABOVE ARE ESTIMATES OF THE SAPPLING COVARIANCES AND COPPELATIONS SETWEEN THE PARAMETER ESTIMATORS. 





STATISTICAL INFERENCE FROM BAND RECOVERY DATA 


Example 4.1f 


SYVTHETIC COTS CERESETEO FCO THE THPEE BCE CLOSS Case 
esteeate* UNOte ve 

















eet 
1 owe titmare stasbace o83 Cow Tote 
‘ i 
2 2 6.0977 6.0086 C.0213~ 6.0561 
’ s 0.0088 0.0083 C.03%5 ~ 0.808 
‘ & 0.0097 6.0075 (.02% - 6.0580 
‘ © ¢.003t 0.01% 6.0019 - .0968 
avecece seempene one con conus 
= 0.0608 6.005) 6.0082 - c.oses =f 
evans 
1 ow tikit ~~ Wie” tat Gar ieee 
eusessse ~. feat... . Se 68ee_. 
: 1 ¢. 1000 0.0108 C0782 = 6.4208 
? 2 0.072 0.0091 C.08%% = 0.0883 
’ » 6.1097 0.0108 C0828 + 6.1269 
‘ 4 0.0800 0.00% C012 - 9.0908 
‘ s e087 0.0126 C18 = 6.0088 
* «6 tone 0.0991 C08 = 6.0081 
a oo 
++ © 6.0880 0.0082 0.00) + o.1033 8% 
erreny 
1 owe iia STamoaeo S50 Cont Tote 
eevesase ——£8208.. ~~ Se ERA. 
' 1 ©1000 e.o118 C1082 = 0.0038 
2 2 6.1090 0.0008 C.0087 = 0.1205 
’ d e170 o.0118 C1477 = 0.0909 
‘ 4 0.1970 0.0115 C105 = GATS 
‘ St. 1980 0.0126 C.1793 = 0.2227 
‘ @ 6.1020 0.0086 (0032 + 6.1208 
avenece St ampere o58 CONFIDENCE 
ESlipalt teece.__ ~. ISIE. 
er 0.0006 0.1007 = O.ase7 = Se 
erevane 
' we titmare ~~" S¥aadaed 959 Siw Tew 
easceese a!) ~-- SIL. 
1 " 
2 2 0.0779 0.0188 6.0605 + 6.0062 
’ > O.tee8 0.0997 6.0880 = 6.2067 
‘ 4 0.0037 0.0188 0.0308 ~ 0.0967 
‘ s 0.0082 ©.0729 0.0828 + 0.5208 
. e 
avenace ge emeene 090 coms sounce 
Free * Oem 0.0217 6.0808 ~ 0.1058 
Send Fe 
1 ow ita ~~ titans 5 Gar Teen 
heen... A a 
1 eee 0.0771 0.0081 C.0151 = 6.0902 
S**eea ertrte 
1 we titinare STanoaeo “SSR Cow toence 
eosasus= — £0a08.. heer. 
1 eeee 0.0980 ©.0061 0.02770 = 6.0510 











un 
tstivave STambeee WE Con ite 
—tenor 
0.0065 0. 0989 0.470 ~ 6.0586 
1.0129 0.00% O08 ~ 1. eRe 
0.0871 0.1209 o.s21 = 0.0088 
0.9026 0.2008 0.4200 - 1.5087 
over ect Stamoeec 998 COM HOENCE 
tslieals cn 55) Se 
* 9.0009 * 0808 O.0015 ~ o.8202 
sete 
i 
teem... sire 
0.4797 0.0788 0.3909 = C0205 
6.0575 0.1648 0.9000 ~ 1.4958 
0.0993 O.4462 0.41% = 0.8008 
0. secz 0. 1%es 0.2973 + 6.8079 
ovewace ST amoaec 958 COM 1DENCE 
* 0.0282 0.0026 0.5005 = 0.7809 
sean 
iii Sian ae eee 
henna. —is ia 
0.49% 0.0705 0.2095 + 6.5856 
0.497 0.00%6 0.2089 = 6.0038 
¢. 8000 0.0771 0.0820 = t.neT? 
0.9077 o.11% 9.0051 + 6.5909 
avevace St amoaeo #58 COM 1OENCE 
talipalt ceace... 
* 0.4%02 0.0608 0.9703 ~ O.ener 





2 
° 
Hi 


Frente 0.067 





—fsan8 __ is ira 
0.0088 0.0981 = 0.0078 
0.0087 0.0197 = 0.0001 
0.0090 0.0824 + 0.07% 
0.006 0.0975 = O.0788 
0.0006 6.0375 = 0.0781 
0. 0067 0.0197 = 0.0008 

poemsase one comseuuce 
0.0059 0.0012 = 0.0808 

Senna Oe 

rT a | ee 

—taaoa__ —ABL ora ___ 
0.0063 0.0702 ~ 0.0008 

teen __ ——i 1 fone 


CHAPTER 4. MODELS FOR BIRDS BANDED AS YOUNG, SUBADULTS, AND ADULTS 


Example 4.1g 


SYNTHETIC CATA COWEPSTED FOR Tet THPEE BCE CLASS Cate 
ESTICOTEO HOM FED COVRPISNCES 24D COPPELATICNS UNDER me 


raNow= eraNene euNew = w7reanere ao ase awe tte teal 


rune = 


stern caved eouennd cowed coeunt convenes rs | 


> o~=t 


Cowaneeatens, sete 
~©. 00016643? 
~©. 0000 75158 
~ 0. 000450308 
0. O00 74S825 


COWARE SCTE .S* Cts 
©. 003548755 


@.01S722251 
0.00 76276511 


COWARER* CTO SS*CTDe 
= 0. 000059903 
=C.COCC TENTS 


~©.00C082903 
= ©, 000054026 


COVARES* CE DSET Tete 


©. 000045991 
©.001%33700 
©. 000840078 


CUWARES* TEED ETT C tenes 


-~C.00C 330126 
-0.091069575 
~0.0017639460 
~0.©0021210%¢ 


Se eames 


COVARTET eet atere, Stcaee 


0.COCO2 2417 
€.00CC73S03 
0. 0OC 049575 
©. 000061 89¢ 


SEST C&PY AVAHLABIE 


COMPETED, S*EEND 
0.472081869 


O-069265835 
OG. SST T0690 
6. 7600276763 


COMB OF cae Sectee 
~0. 074685216 


Comm Cette eer rciee 
-0.96020608) 
- 0.050542093 


~0. 099507297 
~©.03e826611 


COPRESTULD SET Cte 
0.202672 7¢5 


COPR EST TCR D ETT C tone 
O26" 


0.2 

=0.294903029 
-0.4617406672 
~9. 256299775 


CremcererretaeSetes 
-0.059001558 
~0. 062599510 
=. 052201657 
-9.0334612822 


COMPLETE Toad State 
0.044050805 


0.057821 740 
0.080003703 
0.0 3167S906 


COWAPIF (ToL), Sante 
= 0. 000230093 
~C. OOOTSTOST 
= 0. 000000452 
0. OO791S207 


COWRISETD,Stteorss 
~6. 006195 705 
~0. 010998065 
~6. 009477990 


COweerS tiene, s*ctee 
—0. 00466 72 426 


~0. GO8STT 845 
=0. OO979S 9% 


Cowart tee. srtctes 
e. is6 


COWARIS*ETOLE Stet 
003471008 


-0, 006020709 
—0. 0105461563 


COWARTF** Cte, St ete 
ree 


COWMPTee erate rene 
= 0. COOCOI 169 
=0. 000004 268 


0. 000003 390 
= 0, 00000-9953 


COWORTF TO FC eae Sttt) 
©. 000031197 
0. 000086773 


Comecrciots. sates 
=d.278955120 
-0.577902687 
0. 520731507 
<8. 760273005 

COMRESELD SttORDD 
©. 377935379 


0. 579390875 
0. 322950006 


COPRESIL OED, SETH 
0. SSS931037 


0. 524296052 
0. 3327807022 


COMPEET Lend S**ttes 
©.057hesesi 


CIOMPES*CLORD St *CEde 
=O. 347002263 
0. 302090777 


COMMERCE TST CENe 
0. OF 1713908 
=0.0540C4120 


0. 004800568 
=—0.03e976901 


CoMeTe err ee rite 
—“O.O31LD9TTIE 


©.033612822 


THE ABOVE ORE ESTEMATES TF THE SAMPL ONG C/)VARIONCES OND COPPELATIONS BETHEEN THE PanawETER ESTI@ATORS. 





STATISTICAL INFERENCE FROM BAND RECOVERY DATA 139 


Example 4.1h 


SYNTHETIC COTS GCENFESTED FOR Trt THREE ACE CLASS Labe 
Cri-SOUGPE TEST CF He WE WS 





2 5 2 CONTINGENCY 14RLE 8 <COPPESPTHOIDE Cri-SOuaRE STaTEstic 
eit | OFGSEE OF FREED 











te? s’ si 
oi “ ¢.087 
t* 5 3 ee 
7” ”“ 1.267 
te « es "“ 
1 “ c.96? 
t* 5 116 ae 
s? 1c c.982 
5 . 
4 vote ChI-SOUMEE BITH © OFCRFES CF FREEOT® = 4.3221 
POOSSETLETY OF & CHI-SOURFE WOLUT LOOCE® Trew 8 4.52 © ©. t0605 


CHl-SOuRPE TEGT OF ©S WS He 





2 8 2 CONTINGENT, TOKLE =«6<COPPESPCRDING CH i-SouaRE STAT St OC 
olty | OfGREE CF FeEEDDe 











te 2 23 se 

2 (Os ¢.201 
i 3 “2 

tf c.0% 
ie 4 ” "” 

m0 oRee cee 
™s ve ‘s 

soe c.268 
: ' 
1 TOTAL CHIWSOUBEF BITH © DEGREES CF FREEDCY = 1.967) 
PRORSEILITY OF & CHI-SQUARE VOLUE LORCER Teen 1.95 © 0. 7e880 


CH¥E-SOURPE GODONESS CF FIT TEST OF THE SODEL UNDEF He 





CONTINGENCY TPL ES 





te i 
Oe ihe 204 17s 266 
Be U2+ 126 1%e 20. 


te 2 
Ws 22. 296 Be 
Te 7s Me 33. 


%. ' . 4. 
M. ee.iit. 


20. 37. 
14s 2%. 
id. 28. 
e7.i77. 


CHP-SOUSPE COOOWESS CF FIT TEST OF THE BODEL WRDER He 








--- 





TOTAL CHt-soueet 26.43 wIt® 90 0.1 





PONPOETL ITY OF & CHT~SCURPE VOLUE LOPCER Tren 26.43 © 0.05922 





COSRESPONDING CH 
“TaTISTICS aNd OFGRETS Fertooe 
~ = 





2.02 ett 4 0.F. 
10.11 wit ¢ 0.F. 
S13 wits € 0.F. 


BEST GRPY AVAILAB!E 





CHAPTER 4. MODELS FOR BIRDS BANDED AS YOUNG, SUBADULTS, AND ADULTS 


Example 4.2a 


SYNTHETIC DOTS CEVERATED FOR 5 GCE CL 4SSES rere SOULTS € SURADUL TS GPE GROUPED 


aturs twryt Fares 
1 1903. ite. wn. ee. 23. 
2? 1900. a. 80. oe. ”. 
5 1900. ce. eo i225. se. 
* 1900. e. 6. Se. t02. 
Ss 1908. 6. o. cs. e. 
> 80>. °. o. 3. °. 

Cum rut esters 
1 1000. tel. ™“. 2. %. 
? 1006. e% 09. ‘2. 
5 1008. t. eo ti. si. 
* to, 6. e. ® 157. 
S 100%. *. 3. 3. 5. 
& 100. 6. 6. °. 6. 


Te wvertHrsis “1. 





(SEE SPOWSTE GOD SORSOR, 1976. COONELL PTOPETOICS UNIT PAPER WD. Bu~Ste—*) 


See SUPYTVEL 26D SFCOVERY GATES ORE VEaR~ SPECIFIC. 


12) YOUNG STPOE HOVE OLFFFRENT SUPT WAL GND RECOVERY S0TES FEDe THOSE OF aOULTS. 


Peeeer Tees: 


ueore #1 





11* THREE OF EXPECTED SUMBTES OF Band HE TURwEI® 


SaNDEo O25 HOM TS 

















wwe SH Sumer sent 
weneeeee rT 
AanwDtO aS YOUNG 
sre SU Suri caaeineee 
wcperrene me neseepnenes 
estreates weper wt 
een wt 
1 owe ia STawcaee 354 Cone toeNCE tiie “Tiawbaed O50 CoaF ideNtE 
eecceess freon... IES _——— seo ._ Jere 
1 1 oorts 0.0008 0.0038 = 6.0009 0. S082 >.0829 4055 = 9.0890 
? ? e.08n ©. 0068 6.0090 6.0002 0.7598 0.0066 0.0273 = 0.8800 
’ + 6.0770 0.0086 O.0083 = 6.007 0. 688 2.902 0.5505 = 9.7867 
‘ & 6.0808 0.0068 6.0877 ~ 0.0056 0. se 0.0806 O.4582 = 0.0801 
‘ S ¢.00% 0.9008 0.0060 + 0.1108 O.00n9 ©.0921 sere = 9.8008 
* 6 6.9899 ©. 0088 6.0820 + 6.0067 
cis re at titieat ad pea oa 
- «+ 0.0006 0.0076 o-0043+ G.0Tre & «© O.ens2 0.0202 0.9957 = O.0%es 
even seene 
1 ow fiw STewoaeo O58 ine ToeeTE i ee.) ee err | 
se es) | ee eocenses fh RR28__ Jetta 
i 1 O.0e00 0.0408 C.1982 + O.0000 0.4780 0.0%61 0.0000 = 6. 8060 
? 2 0.1090 9.9008 6.0087 = o.1788 0.0597 0.0708 0.5158 = 6. PeN8 
’ 5 Kane 0.0119 O.1877 = 9.0969 oer *.0017 O.5187 ~ O.0000 
‘ 4 O18%0 o.0418 1005 = O.4705 0. 8086 0. 088s 0.9713 = G.0000 
“ S t.1e080 0. 126 1799 ~ o.22e7 9.0227 o.n 989 O.0822 + 6.9082 
‘ 6 6.1020 0.99968 6.0082 + 1.1200 
avewace seomeen ost .. Hoewce omene sTampaen O58 COMP 1 ORNCE 
+ + oneer 0.0086 en eee 0.0909 0.5900 = 6.0009 


BEST Ca?Y AVAILABIE 








Example 4.2b 


SPeTHET EC DOTe GCEVPSSTEC FOF 5 SCE CLOUDS GOGOE GUL TS & SUPSDUL TS OOF COnUrED 
EMITTED ST THE” CORP OECES G8 COPPELL AT IONS wanes wa 


Se he hel erase efranee 


r7ranunee 


Cweerrets. utes Cr@eercie. sates 
- 6. 0090278 s16 6.07 7Sse 308 


we 

' 

? C. COC Oa72 099 3. bezeeez 68 
’ ©. COCCVSRE? 

. ©. CO00R7596 ©. Del KOS 706 
6 6.00c i reser 6.20087 9808 
ve CWHEEFTTOL SE, SETes CROFT OLE Sethe 
’ = 0. 10088018 —€. ol Msices 
? = 0. 0OC 1991 08 =>. 98ee20777 
‘ ~ 6. 000 se 7945 C6. S77 987812 
. 0, COC 207970 

5 ~6. GOGe0S113 6. 750750173 
ve COwePES* ec eetetee COMOTST Cth, tte 
1 c. onceceeso 6. 

? C. 091000580 9. 300 11699 
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Example 42d 
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Chapter 5. Hypotheses Tests for Pooling Band Recovery Data Sets 


In Chapters 2 and 3 we dealt at length with the analysis of individual data sets. In the context of adult banding, 
it is straightforward that an individual data set is the band recovery data from & years of banding for / years of 
recovery (see Section 2.1). If both adults and young are banded (Section 3.1), the two band recovery arrays are 
considered as one data set. In either instance, the banding is typically done in the same relatively small! area 
each year, and the sex of the birds is often determined. Consequently, in any large-scale analysis of band recoveries 
we are likely to have numerous data sets representing both sexes and a variety of banding areas. In this chapter 
we discuss several tests developed to aid in making decisions about pooling such data sets. Basically, such tests 
examine the question of whether or not the data sets have the same underlying survival and recovery 
rate parameters. 

Initially, the motivation for tis type test came from the issue of combining the two data sets for adult males 
and fernales banded in the same area. This test for sex differences is mathematically the same as the test for 
whether two data sets from different areas (for the same sex) have the same underlying parameter values. For 
exampie, if adult male mailards had been banded each winter in northeastern Colorado and western Nebraska, 
we may wish to pool these data for analysis. Whereas there are only two sexes, we may have data from more than 
two areas. The logical extension of these tests has been developed for examining questions of pooling data sets 
over several areas. 

In all of these tests, the nuil hypothesis is that the data sets are described by the same survival and recovery 
rate parameters and hence could be pooled. Rejection of this hypothesis is evidence that the data sets should be 
analyzed separately and then the estimates may be averaged, rather than pooling the data. If a test is not signifi- 
cant, say at the 5% level, we have evidence that the data sets may be pooled for analysis. 


5.1 Testing Equality of Survival and Recovery Rates for Adult Data Sets 
Testing Equality of Adult Male and Female Parameters 


As far as possible, the notation of Chapter 2 will be used in this section; specifically, the reader is referred to 
Sections 2.1 and 2.2. 

For this test to be meaningful, the data sets for males and fernales must come from the same banding study, 
more specifically, from the same area and cover the same years of banding and recovery. Under Model | let the 
parameters for the two data sets be 


S,.. = adult male survival rate in year i, 
S,, = adult female survival rate in year :. 
f.. = adult male recovery rate in year :. 
f, = adult female recovery rate in year :. 


The null hypothesis is S,. = Sy, i= 1,...,/-1 and f,.=fy, i=1,...,/. Here the general case of & years of banding 
and - years of recoveries is assumed (hence ' > & is possible). 

The alternative hypothesis is a composite one where: (1) only recovery rates differ, (2) only survival rates differ, 
or (3) both recovery and survival rates differ. If the null hypothesis is rejected, we do not know where the dif- 
ferences in parameter values lie. The way to examine this is to analyze each data set separately by program 
ESTIMATE and examine the resultant parameter estimates. 

From Section 2.1 the following summary statistics were defined for an individual data set: 


R, = total of row i of the data array,i=1,....4. 
C, = total of column i of the data array,i=1,...,/, 
T. = a block totali=1,.../ 


Define R.... C.». and T,,. as these summary statistics for the set of male recovery data, and similarly define Ry, Cy, 
and 7, for the female recovery data The test of the null hypothesis of no difference in male and female parameters 
is based on these statistics, and takes the form of & +/ — 1 separate chi-square test st-ustics, each with | df, com- 
puted on separate 2 by 2 contingency tables. 
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Defining the sample sizes for males and females as N... and N,,, the set of contingency tables is 
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There are & +. — 1 of these tables. For each one, the usual chi-square goodness of fit statistic is computed. The first 
set of k. 2 by 2 tabies uses the row sums and sample sizes from the data, while the second set (/ — 1 tables) ir bused 
on the column and biock totals. For triangular data arrays, = k. 

For each of these k +: — 1 tables one chi-square test statistic is computed. These values are then added to obtain 
one test statistic which has a chi-square distribution with k + / — 1 degrees of freedom under the null hypothesis. 
If this test value exceeds the critical level, ..t the 5% significance level for instance, for a chi-square variable with 
k++ —1 degrees of freedom, then one rejects we null hypothesis. In this event pooling the data sets is not justified. 


An Example of the Male-Female Test 


This test is available as an option within the FORTRAN program BROWNIE (see Chapter 6 for details of how 
to input data and obtain this test). 

The test of the null hypothesis is easy to use and interpret as we illustrite in Example 5.1. Data on male and 
female mallards banded during the winter in Illinois, 1963-70, are used to illustrate the testing procedure (the 
data for adult males is the same as that used in Example 2.6). The computer output, shown in Example 5.1, dis- 
statistics) used by the program differs from this chapter in that RROW(1I), RCOL(I), Til) correspond to R..., Cin, 
T.., respectively, and QROWi1), QCOL{1), Uil) correspond to R,, Cy, Ty, respectively. Finally the contingency 
tables and individual chi-square values are given, followed by the total chi-square which is the test statistic. The 
program also prints the achieved significance level of the test statistic, i.e., the probability of getting a value as 
large as that observed, if the null hypothesis is true. 

In Example 5.1 we see that the total chi-square value is 314.17 with 18 df. The probability of a value this large, 
if the null hypothesis of no difference in male-female parameter values is true, is essentially zero (to 8 decimal 
places). Therefore we reject the null hypothesis and conclude that recovery and/or survival rates differ signifi- 
cantly by sex, and the data sets must be analyzed separately. From the separate analyses we can compare male 
and female recovery and survival rates to determine where the differences are. 

The program shows the individual contingency tables for the triangular part of the data arrays under the titles 
MATRIX 1 and MATRIX 2. MATRIX 3 relates to the nontriangular portion of the data (s > 0), and is not shown 
in detail. The output labeled MATRIX 1 gives those tables based on row totals. For example, in 1963 /i = 1) there 
were 2,583 males banded. A total of 279 recoveries were recorded from this banded cohort. Similarly, for females 
Ny - 1,478 and R,, = 94. Thus the first 2 by 2 table is 
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The individual chi-square statistic from this table is 22.232. 
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Example 5.1 
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Under the heading MATRIX 2, the 2 by 2 tables based on C; and 7; are given for the triangular part of the data 
array. For example, C,,. = 91, T:.. = 279, Cy= 40, and T,,= 94. Hence for i = 1, the table is 
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When using this test, one should look at the individual chi-square values on 1 df, as well as the overall result 
(314.17, with 18 df in this example). If the overall test strongly rejects the hypothesis of no difference (P < 0.005), 
one can safely conclude that the data sets should not be pooled. But in the event the result is significant at lesser 
levels like (0.05 < P < 0.005), one should examine the separate chi-square tests on the different contingency tables. 
It may well be that just one of these individual chi-square values is quite large, hence “causing” the significant 
overall! test result. In this event it is probably the male and female recovery rates in 1 year that are different, and 
other parameters may be very similar by sex. Pooling the data is reasonable in this case. If, however, no one single 
chi-square stands out, and they all tend to be a little larger than expected under the null hypothesis, then it is 
probably because a slight but consistent difference exists in male and female parameters and the data should not 
be pooled. 

This test for differences in adult male and female parameters was developed by Brownie (1973); it is the only 
one of its kind that is programmed for computer computation. A similar test is described below for adult and young 
data; also both these tests are extended to the question of pooling data for the same sex over different areas. 


Testing Adult Data Sets for Pooling Over Areas 


Nothing in the theory of the test described above is specific for testing for sex specificity. A'though this was the 
motivation of the test, it is nothing more than a test of the null hypothesis that two adult band recovery data sets 
(having the same values of k and /) have the same survival and recovery rates. It is logical to apply this type test 
to the question of pooling data sets across areas for the same sex, species, and banding and recovery years. For 
two areas, the above test suffices. For more than two areas, the test has a simple extension. 

For r areas the appropriate test for pooling is based on a series of r by 2 contingency tables. As before, there will 
still be exactly &+/-1 tables. The null hypothesis is that Model 1 with the same annual survival and recovery 
rates fits all r data sets (hence they can validly be pooled). 

Instead of indexing data : ets by m and /, let the data and parameters have a second index for area, a=1,...,r. 
For example, the row total F from data set a becomes R,,. The set of statistics R,, C,, and T,, as well as N,, must first 
be tabulated for each data set. The following r by 2 contingency tables are then easily written: 
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Note that each row comes from a different data set (hence different area), but in a given type of table, each row is 
otherwise the same. Thus the extension aspect of this test beyond the case of r = 2 is simply to add more rows onto 
each basic table, each row being computed in the same way (for a given table) from a different data set. 

Once these & +/ — 1 tables have been developed, the test is straightforward. The usual chi-square test statistic 
for homogeneity is computed for each table. These test statistics are each approximately chi-square distributed 
with r— 1 degrees of freedom under the null hypothesis. One then adds all & + / — 1 test statistics. The result is the 
overall test statistic for testing the null hypothesis that all data sets have the same recovery and survival rate 
parameters. The test statistic is distributed as chi-square with (& + / — 1) (r— 1) degrees of freedom when the null 
hypothesis is true. If this test value exceeds the critical value for the chosen significance level, we reject the null 
hypothesis and conclude that pooling of data sets is not warranted. 


5.2 Testing Adult and Young Data Sets for Pooling 


We will give the details of this test for comparing r data sets; these could be on the same species aad sex for dif- 
ferent areas, or if r = 2, they could be data sets for one area for males and females. This test is not programmed 
in BROWNIE and it would have to be done by hand or a program written. To compute the test, a set of summary 
statistics must first be computed for each data set. These are in the notation of Chapter 3, 


R, (adult row totals) =1,...,4, 
Q, (young row totals) -=1,...,4, 
Q. (first year recoveries i=1,...4-lifs@k 


for young) J=1,...4& if7>h 
w,- “ o -Q, jel,...a&ife<l 

R,+ eke... k+e-1life>t 
e.ffst-e je@1,...4ife<l 

T.+U, dokel,... d+e-life>. 


The statistics R ,, Q, ‘column totals), 7, and U, (block totals) would have to be computed as intermediate values. 
Program BROWNIE computes and prints these statistics, except for X,, for the triangular part of the data array. 
Thus, by analyzing each data set first, most of the computation is done by the computer. 

Given these summary statistics, for each data set, one then constructs a series of r by 2 contingency tables. In 
each table the entries are of the same type but each row comes from a different data set. 

From the statistics R, ,. construct the r by 2 contingency tables: 
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In the above, the added subscript to the notation denotes the data set from which the values came. Thus, N., is 
the number of adults banded in year :, and area (or sex) a. Similarly, R, .. is the row total of recoveries from adults 
banded in year : in area a (or of sex a). This augmented notation will also be used below. 

The additional! contingency tables to construct are: 
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If s=0 (4 =k), there are 4k — 2 tables (each r by 2); if s>0, there are 44 +s-—1 tables. 

For each contingency table one computes the usual chi-square test of homogeneity. Each of these individual test 
statistics is (anproximately) distributed as chi-square with r— 1 degrees of freedom under the null hypothesis that 
the H, modei with the same survival and recovery rates fits the data from all areas. The test statistic for this null 
hypothesis is the sum of all these individual chi-square values. Under the null hypothesis this sum is distributed 
as a chi-square variable with degrees of freedom 

(4k -—2)(r—1),ifs=0 
(4k+s-—1)(r-1),ifs>0. 


One rejects the null hypothesis if the test statistic value exceeds the critical value for the chosen significance level. 


5.3 Mathematical Background 


The reader with little knowledge of mathematics can skip this section. Of the above tests, only the test for dif- 
ferences in adult male and female parameters has previously appeared in the literature (Brownie 1973). Conse- 
quently, this section will supply the basic mathematical background of all these tests. 


Adult Data 


Under Mode! 1 for adult data a minimal sufficient statistic (MSS) is 
A= Eiiccc callie Gheccon te . i} ° 


Because of the recursive relationship 

T,=R,, 

T,.,=T,-C+R,., , i=1,...,a-1 
and ifs > 0, 

T. «4 = Te .; i-Ce.j 1 Jj=0,... 8-1, 
the 7, are implicitly part of the minimal sufficient statistic 4 (7, becomes a shorthand notation for a function of 
the MSS). 
As determined initially by Robson and Youngs (1971) the probability distribution of 4 is given by 


R, ~ BIN, p) ,i=1,...,h 
and 
C, given T, ~ BIT, f:/ pv) Let. ook. 


These distributions are mutually independent. In this notation B/n, p) is the binomial distribution, and from 
Chapter 2 
pa ht Shite 4BeoBe if. 


It is thus straightforward to write down the probability distribution of 4,P{ 4}, under Model 1. 
Let 4, and 4, be the minimal sufficient statistic for separate adult male and female recovery data under the 
alternative hypothesis of different parameter rates. Under the null hypothesis, H., of equal parameters, the MSS is 


Ae = {Rin +Ry,i=1,...,k, C+ Cy, i=1,...,4-1) . 
A test of H, can be based on the probability distribution of the MSS under the alternative hypothesis, conditional 
on 4, and given H, is true. Symbolically we need to find 
Pr. { 4m, Ay| to} . 
Using the above results on the distribution of 4 and the independence of the two data sets leads to the result 


+ (es) (a) ' (2) (c) 
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This is a product of k + / — 1 independent hypergeometric distributions, from which the series of 2 by 2 contingency 
tables follow as a basis for a chi-square test of H,.. This same approach is used to derive the other tests 
of this chapter. 

The parameters appearing in the distribution of the MSS (i-e., p, and f/p,) are a one-to-one transformation of 
re EE a ee We are testing the null hypotheses that p,.. = py, i=1,...,4 and (fim / pim) = (fl py), 

=1,.../- 1. Each individual equelity has its own chi-equare test. For each contingency teble we can determine 
ceaatintabdahahan tected, ceadtiiedinsaddainan te. cekticies the Pim = py, While the tests based on C,,. 
and Cy test Ho: (fim / pim) =(fy/ py). Thus these individual tests do not relate to separate survival or recovery rate 
parameters; hence they have no great value by themselves. 

This test could be used to compare data sets from two areas (rather than two sexes). Assume there are r areas, 
and we have a recovery data set from each area. Let areas be indexed by a. The nul! hypothesis H, is that there 
are equal annual recovery and survival rate parameters in all areas. The alternative is that there are different 
annual parameters for at least two areas. Under this alternative, the MSS is 


4a={4i,.--, dr} 
= {R,.,...,Ree,Cre,---.Cr - 12,0=1,...,r} . 


In this notation the second subscript denotes the area from where the basic data came. Under the null hypothesis 
H,, the MSS is 


4o= {Ruy +--+ Ry) ,..., Rare + Re), (Cr +--+ Cw),... (Cr : Tn ee }. 


Using independence, and the known distribution under H, of each 4,, j =1,...,r, (a product of binomials) we can 


determine 
Ni Nu _ 
ara 9 OO 
me { da] to} = Il Nu t---+No\ AS (Tat-+-+Te 
5 4 --+R, pee 
This distribution is a product of independent multiple hypergeometric distributions. The test of H, is based on the 
corresponding series of k +/-—1 contingency tables, each r by 2 (as described in Section 5.1). The reader should 
be able to associate each of these r by 2 tables with the exact parametric function of survival and recovery rates 
which is being tested for equality (based on the distribution of the MSS). 


Adult and Young Data 
Next the basic theory is given for testing parameters for sex or area differences for recovery data sets from 
banding both adults and young. The H, model and the notation of Chapter 3, Sections 3.1 and 3.2 are used. 
From Brownie (1973), an MSS under the H, model for a single data set with s = 0 is (see also Sections 3.1 and 5.1 
for definition of terms) 








4={R, .Q .i=1,...,4,.Qui= 1... 4-1,Te T,+U,i=3,... 2}. 


Additional statistics, computable from 4, and necessary in the tests are 
W, = RB, +Qi- Qu yl 
X, = T,+U,-Q, ,é=l,...,h. 


For the case of s > 0, the MSS is equal to 4 given above, augmented by the additional terms Qu, Rx . ;+Q« . j, 
j=l . 8, and W,, X,. i=k+1,. ., & +8, where for i > & we define W, = 8, + Q, and X, = 7, + U;. 

The MSS is distributed as the product of 44 +s - 1 independent binomial random variables if s > 0, and as 44-2 
independent binomial random variables if s = 0; 


R, ~ BIN,, p) ,é=1,...,h, 

Q, ~ BIM,, pj) SO brceedh 

Qu given Q, ~ B(Q,,.f /pi) ,é=1,...,4-1, 

W, given X, ~ BiX,, f/ pv ,i=1,...,.k+8-1, 


and if s > 0 we also have 
Que given Q: ~ BQ lpi). ‘nr 
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Now let there be r data sets, indexed by a= 1,...,r, where a becomes another index on al! samp'e sizes, statistics, 
and parameters. Basically we just have r independent data sets and associated statistics. To derive the test of the 
null hypothesis H, that the underlying recovery and survival parameters (f, f,S,,S/, see Section 3.2 for details) 
are the same for all r data sets we can use the probability distribution under H, of 4,,..., 4, (which is the MSS 
under the alternative) given 4». Here 4, is the MSS if H, is true; it is simply the “addition” (element by element) 
of the individual MSS, 4,. For example, the first & elements of 4, are 


R, ,+R, +--+ Ree= DR-e ,é=1,...&. 


Under the nul! hypothesis H,, the distribution of 4, is known. Finally, it is easy to determine 














r Pu,\ 4a} 
Pal 4iy---4de| toh =p 
The final result for Py, { 4,,..., 4-| 40} is the product of numerous terms, it can be expressed as 
Nu N, M,, le wo ttece ft a. Xi, Xe 
)-) . CE) ste ge ss eee 
BE Nate +Ne \ , M,, +>: i F Pe ld Xint---+Xey 
R, + *R, 5 ee Quart +h w+...) 


Each term gives rise to an r by 2 contingency table from which a chi-square test statistic can be computed. For 
example, the tables 











R, ' N,, -R, ' 
-——— = --<—-—<e< ee = 
R, ; ; Ni RB, 
a 
: i=1,....4 
! 
i 
aa e bem ooaecece 
R,, ! N,-R,, 


derive from the first product term of the above distribution. 

Reference to the original binomial distributions from whence a table derives will show what particular par- 
ametric function of survival and recovery rates is being tested for equality over the r data sets. For the above ex- 
ample, p., = pe: ~ pu 1s being tested. 
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Chapter 6. Comprehensive Computer Programs 


The calculation of the various point estimates and their associated standard errors and covariances and tests of 
hypotheses is a laborious task, even for small sets of banding and recovery data. The computational requirements 
are large when the Maximum Likelihood equations must be solved numerically (ie., Models 2, 3, H,, and H,,). 
Rounding errors can become significant and mathematical errors are nearly unavoidable if the calculations are per- 
formed by hand. To alleviate these problems, we developed two comprehensive computer programs to allow estima- 
tion and testing to be done inexpensively, accurately, and quickly. In addition, White (1983) developed program 
SURVIV and Conroy and Williams (1985) developed program MULT. These are extremely powerful computer pro- 
grams allowing the more sophisticated user to make ML estimates and efficient tests based on more complex mod- 
els. Use of the output from these programs allows the biologist to concentrate on the interpretation of the results, 
rather than on the tedious and often complex calculations involved. 

The first program, ESTIMATE, computes estimates and test statistics for adult banding data — where param- 
eters can be assumed to be independent of age. Pvint estimates of the parameters and their sampling variances and 
various test statistics under Models 0, 1, 2, and 3 are computed by this program. 

The second program, BROWNIE, permits estimation under the various age-specific models: H,, H_, H,, H,, H,, 
H,, H, «nd H,. Goodness of fit tests and tests between these models are also computed by BROWNIE. In addition, a 
chi-square test for differences between adult male and female recovery and survival rates (Section 5.1) is ,rovided 
as an option. 

Programs SURVIV and MULT are very general in that the user can specify the expectation of each R, cell in 
terms of the unknown parameters to be estimated. Arbitrary subsets of parameters can be set equal, given an a 
privri value, or constrained to a fixed or variable range. In addition, structural relations can be specified among pa- 
rameters or even between parameters and auxillary variables. Advanced hypothesis testing is possible through 
likelihood ratio tests. Unequal intervals between times of banding can be treated, including the models given in 
Chapter 7. Program SURVIV allows Monte Carlo studies to be easily performed. 

All four computer programs are now written in FORTRAN 77 and are designed to be run on nearly any modern 
computer. ESTIMATE and BROWNIE require a machine with 256k bytes of memory and a FORTRAN 77 compiler, 
while SURVIV ard MULT require 512 k bytes of memory and a hard disk. Ali mainframe computers satisfy these 
requirements. Within the past year or two, many desktop microcomputers |::ve achieved these capabilities (e.g., 
the IBM PC class and various compatible machines). 

Most users will employ programs ESTIMATE and BROWNIE for the analysis of band recovery data. These pro- 
grams are easy to use on a large mainframe computer. We have provided standard input formats (Figs. 6.1 and 6.2 
for ESTIMATE and Figs. 6.3 and 6.4 for BROWNIE). The standard (data entry) format and appropriate instruc- 
tions appear back-to-back on forms which are available. Typical data sets would be coded onto the form and entered 
as 5 to 25 lines for adult data, 8 to 46 lines for models H, -H, which treat adult and young data, and 11 to 68 lines for 
raodels H.-H, which treat the three-age-class case. The examples used in Chapter 2-5 were derived by the two pro- 
grams. Versions of ESTIMATE and BROWNIE are available to be run interactively via a remote terminal system 
as part of a mainframe computer or on a desktop microcomputer. Conceptually, the information required is the 
same (i.e., Figs. 6.1-6.4), however, the programs ask the user for the information, accepts the data from the terminal 
keyboard, and then provides the analysis on a video (CRT) screen or as printed output. 

Programs ESTIMATE and BROWNIE for large mainframe computers are available on 9-track, 800-BPI mag- 
netic tapes from the Chief, EDP Section, Office of Migratory Bird Management, Patuxent Wildlife Research Center, 
Laurel, Maryland 20708. Generally, tapes will be loaned to the individual requesting the programs. The user will 
be asked to copy the tape and return the original tape so it can be loaned to others. The tape will be sent on a loan 
basis without charge; the user must pay only the cost of returning the tape. Data entry forms are also available 
upon request. Hundreds of copies of these two programs have been distributed over the past seven years. Users may 
wish to check nearby universities or state conservation agency offices to see if these software packages can be ob- 
tained locally. 

Copies of programs SURVIV and MULT can be obtained from the original authors (see Appendix C where the 
papers by White (1983) and Conroy and Williams (1985) are reprinted). These are large, complex programs with 
many advanced features. The user must be fully acquainted with the contents of this Handbook or seek the help of a 
statistician before contemplating the use of these programs. 

When using a mainframe computer, the user is usually most concerned with costs, while (ime is more of concern 
to users of microcomputers. Here we will attempt to provide some orders of magnitude for these resource require- 
ments. The cost of compiling ESTIMATE or BROWNIE on a mainframe computer may be in the $10-15 range, de- 
pending on the user's computer facility. The cost of running a fairly large data set, say k = 9 = 12, is often in the 
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$1-2 range, again depending on the computer used and loca! billing rates. The cost per data set often drops substan- 
tially if several data sets are submitted as a single computer run. Programs SURVIV and MULT may cost $10-20 to 
compile, but run costs may be significantly higher for large data sets and complex models. We have seen a single 
large data set cost $40 using program SURVIV when the model is very complex. Still, these costs are negligible 
compared to the initia! cost of obtaining the basic data in the field. 

The widespread availability of microcomputers now allows many biologists the opportunity to use ESTIMATE 
and BROWNIE on an interactive basis. The following information will provide some run times for data sets in this 
Handbook, using an IBM PC/AT with a 80287 coprocessor (data were previously stored on a hard disk). 


Program Date Set Page Time (seconds) 

ESTIMATE Male Wood Ducks 21 14 
Male Mallards 25 23 
Male Mallards 45 23 


These times are negligible, but do not include time required for the entry of the data (N and R.). A user with 
reasonable familiarity with a desktop computer might be able to fully analyze a typical data set in 10-20 minutes. 
This would include providing the answers to queries for information during an interactive session, waiting perhaps 
30-200 seconds, and printing the results. 

We have consulted with literally hundreds of biologists concerning the analysis of their data over the past seven 
years. We are willing to try to continue this service as it has provided us with impressions on how this series of mod- 
els is supported by real data and showed some extensions that were needed. 
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Figure 6.1 Ceding instructions for adult recovery data. 
Instructions for Program Estimate 


This form is to be used in conjunction with the PORTRAN IV computer progres 
to estimate time-specific survival and recovery rates from banding and recovery 
data (see Anderson, Kimball & Fiehrer, 1974. J. Wildl. Manage. 36(2): 369-370). 
The information on this coding form iv to be punched onto « standard 80-colum 
card. Each line represents ove card. All sumbers gust be integers (no decins] 
points) and must be in the right-most colams in each field. 


GOOSE DATA (FROM BOYD. 1956. J. ANIMAL BOCOL.).” This is « Caré and will 
identify the information on the computer output. 


The firet line (card) is used to identify the data set: + papery 


The second line (card) is a Parameter Card and contains four fields: 


1. The oumber of years of banding must appear in columms 1-3 
(maximus is 20). 


2. The number of years of recovery must appear in columes 4-6 
(maximus is 20). 


3. The first year of the banding study must appear in ccolumms 7-10, 
( 2-g-, 1959). 


4. Colaumm 12 must contein the number |. 


| 
| 
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Instructions for Program Brownie 
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GENERAL CODING FORM FOR ESTIMATING 
SURVIVAL AND RECOVERY PROBAIYLITIES FROM BANDING DATA 
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Chapter 7. Analysis of Experiments Where Banding is Done Twice a Year 
7.1 Introduction 


The models introduced in this section relate to the specific experimenta! situation where adults are banded 
twice e year, both before and after the hunting season. These models are of interest because they show how twice- 
a-year banding studies are likely to provide more information about the effects of exploitation and environmental 
conditions on survival than do once-a-year banding studies. 

These models allow a partition of the annual survival rate in‘ a survival rate for the period between pre- and 
postseason bandings ‘which includes the huntinc *-ason), ami a survival rate for the period following postseason 
banding ‘which includes the nesting season). It there is a “endency for natural mortality to be “compensatory,” 
then survival during the postseason period should be hig’: following a season when hunting pressure was high, 
and lower following a season when hunting was light. On tbe other hand, there may be situations when increased 
survival in the postseason or nesting period cannot compensate fully for the depletion of the population during 
the preceding hunting season, result‘ng in a lower annual survival rate. For example, this may occur when the 
population has been severely depleted by being very heavily hunted, or when environmental conditions prevailing 
during the nesting season are extremely adverse. The models of this section thus provide a method for obtaining 
information about the effects of hunting and environmental factors on survival by permitting estimation of “sem” 
annual survival rates and recovery rates. 

The models presented here are for data from adult birds only but analogous models could be developed for the 
situation of Chanter 3 when data from young birds are avzilable. Use of the models is also restricted largely to 
data from resident species such as grouse, quail, and pheasant. Only resident species are considered because migra- 
tory species may migrate to very different areas so that pre- and post-season Landings may be carried out on dif- 
ferent population segments which may be characterized by different parameters. Exci ptions to this are certain 
species of geese which breed and winter in we!i-defined regions ‘e.g. dusky Canada goose). 

Tagging twice a year ‘i.e., spring and fall) is a common practice in many studies on fish populations and often 
the data obtained usually include both live recaptures and dead recoveries. The analysis of only the dead recov- 
eres by the methods here would not be efficient because tise live recaptures would not be used This is discussed 
in Section 8.2. 

Data for which the models of this chapter are appropriate do not seem to be commonly available: consequently, 
analyses are illustrated with artificial data’ However, the potential of these models for providing iniormation 
about the effects of the environment and/or hunting on survival motivates their being included here. 


Notation and Definitions 


In the two-age-class situation of Chapter 3, recoveries are obtained from two classes of banded birds, adult or 
young, both banded at the same time In this chapter we consider banding twice a year ‘adults only) and recov- 
eres are obtained from two classes of banded birds depending on whether banding was done pre- or post-season. 
These two types of bandings and recoveries are distinguished in this chapter using a notation similar to that of 
Chapter 3 with the appropriate interpretation. 

We consider only experiments where band recoveries do not continue beyond the year of the last or k” preseason 
release Thus’ ands — 0 in this chapter. 

A year of the experiment is the period between consecutive preseason bandings. That is, the :* year o. the experi- 
ment is the period between the 7" and /: + 1)" preseason bandings,: = 1,....4- 1, and the &” or last year is the year 
fullowing the &” preseason banding Banding should occur at the same times each year For example, a possible 
program for pheasants would be preseason banding in mid-August and postseason banding in mid-December 
each vear 
We make t ie following definitions 

N.- se number of adults banded and released in the *” preseason banding,: = 1,....4 

M.~ .\e number of adults banded and released in the *” postseason banding, : ~ 1... ..4 — 1. 

R. .he number of bands returned in year j from the *” preseason release.j —i,....4.i = 1,....4 

@, » the number of bands returned in year j from the ’” postseason release,j ©: +1,....4.1©1,....4=1. 
Note that @. is not defined as there can be no recoveries in the r’” hunting season from the /’* postseason release, 
tel,...A 

The data for a 4-year study ‘i.e, 4 ~ 4) are represented as in Table 7.1 below. 
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Table 7.1. Representation of data for a 4-year study with banding twice a year. 














Year of recovery 
Year and time Number Row 
of banding banded 1 2 3 4 totals 
t i i ¥ 
preseason N, EE == (Ro {Rew aR 
"postseason M, TQ: 1@ 1. @ 
preseason N; (Re: oe aoe Ro ‘Rn & 
2 postseason M. te 1% 7 @ 
3, Preseason N, pif 1 Re __ R, 
postseason M, ° ; Q@ 
4 preseason N, Res R, 
Column totals Cc, Cc, Cc, C.=T. 





Subtotals which are used in calculating estimates are indicated in Table 7.1 and are defined below. 





Row totals: R= = R, Ph, code 
. 
Q@- = @ son, d-%. 
Column totais: C, = Ru, 
C= = Ry+ = @ Jj=2,...k. 
The outlined block totals. T,=R,, 
T.=R.+Q@ .+7T. .-C, 3 .t™2,...8, 
(T.=Cy). 


Numerical illustrations in this chapter, inclu’ g calculation uf the above subtotals, are all obtained using the 
synthetic data set shown in Table 7.2. 


Table 7.2. Synthetic data for a 5-year study (k = 5), showing calculation of subtotals. 





Year of recovery 

Year and time Number — — _ —— a eneeteeie Row 
of banding tended = Ct 3 ‘ 5 _ totale 
1 Preseason 550 63 31 17 18 10 139 
postseason 350 30 19 12 6 67 
2 preseason 500 45 24 24 11 107 
postseason 400 27 22 12 61 
3 preseason 500 41 30 20 91 
postseason 800 70 33 103 
4 Preseason 400 44 21 65 
postseason 500 37 37 
5 preseason 500 42 42 
Column totals C 63 109 i28 220 192 712 

Block totals T 139 250 293 333 192 
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The two models presented in this chapter are analogous to Models | and 0 of Chapter 2. As in Chapter 2, / rep- 
resents the annua! band recovery rate, but S. the annual survival rate, is represented as the product of two “semi- 
annua!” survival rates. Thus S, = 4... where 


h. - the survival rate during the period between the /” pre- and post-season bandings, |i-e., the period 
including the 7” hunting season), i = 1,... 4-1, 

n. ~ the survival rate during the period between the /” postseason and the (: + 1)" 
preseason bandings, i= 1,....4—1. 


7.2 The Model Under H; 


The first mode! we consider is analogous to Mode! | of Chapter 2, and is called the model under H;. The assump- 
tions of H, are: 

(1) Annual recovery rates ({) and “seun-annual™ survival rates (A, and n,/ are year-specific but independent of 

age. and 

(2) reporting rates are independent of the time of release. 
The parameters of the model under H; are A,. n.. and {, where A, and a, are defined above and f = the recovery rate 
in year i, for all banded adults alive at the start of year i, i.e., after the * preseason release,: = 1,... 4. 

For this model the expected or average numbers of band recoveries can be expressed in terms of N.. M,. /. h.. and 
nm, and presented in the same way that the data are presented in Tables 7.1 and 7.2. Table 7.3 gives the model 
structure under H; fork - 4 


Table 7.3. Expected numbers of band recoveries for a 4-year study for the model under H-. 


Year of recovery 


of release banded 1 2 i= ; | Sa 
| preseason N, Nf Nha Ny hyn heonch Ni hin henhond, 
postseason we Mnf, Mn home, M nhonhinf, 
) Preseason N, NA. Neher, Nohenhind 
poslaeason M. Mnf, M.nhind, 
3 Preseason N, N& Nand, 
poet season M. Mind, 
4 preseason N, NA 
Estimation of Parameters 
ML estimators of /. A, and n, are 
RC, 
he NT ie l,...J 
R, CM, R, T.-C, M. 
ay "-PaN Tf @ é=1,...4-1, 
ON . " 
n, MR. j=1,...4-1, 


where 2... Q@..C,, and T, are the subtotals defined in Section 7.1. 
These estimators are easily evaluated for data sets where & is not too large. The synthetic data of Table 7.2 
give, for i = 2, 


R,«C, 107 x 109 


f= NxT, ” 500 x 250 
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j, MX (T2— Gd XM, _ 107 x(250— 109) x 400 








N.xT.xQ@, S00x250xe1 °-79"4- 
— Q&x*N, 61 x 500 
is "= <xR, aooxgl 99: 


S, = he mz = (0.7914) x (0.8379) = 0.6631 . 


A slight modification of the estimators A, and 1, will reduce their bias, giving the bias-adjusted ML estimators 





- R, (T.-C) M +1 

hay r Q?1 ,i=1,...,k-1, 
- Q@ N,..+1 7 a 
Nn, M, z..+1 ,i=1,...,4-1. 


For example, for i = 2, 
j= BX Te— Co) x (Me + 1) 107 x (250 — 108) x 401 
N, x T, x*(Q: +1) 500 x 250 x 62 
- _@xINs+D)_ 61501 2s: 
- M.=x(R,+1) 409x92 











Sampling Variances, Standard Errors, and Confidence Intervals 


The procedure for obtaining confidence intervals for the above estimators is the same as that in earlier chapters. 
Estimators of sampling variances of the various parameter estimates are given below (e.g., the sampling var- 








iance of / is estimated by var‘ f,) ): 
var(f) = (fp le-wta-7 ,éml,...2. 
var(h,) = (hp? e-e’O- Mm F-O-F ,é=1,... 4-1, 
var(h,) = th? erat Me Re ceed ,i=1,...,a-1, 
varin,) =(nJ* a-ak é=1,...,4-1, 
vari ny) = (mJ* a-a Re jol,...d-1 








Estimates of the corresponding standard errors are given by, for example, se(f.) =\ vari). 
For example, using the data of Table 7.2, 


— = =. a - 2. 2 oe 
vari fi) =(h eu. G7, 710-0933" | 55 — soo * io0 ~ 350 |= 0-00010899 
se‘ /,) = V0.00010899 = 0.0104 , 

1.96 x se//-) = 0.0204 , 


and the estimated 95% confidence interval for f, is (0.0933-0.0204, 0.0933 + 0.0204) or (0.0729, 0.1137). As in pre- 
vious chapters these are only approximate 95% confidenc intervals, valid for “large” sample sizes N, and M,. 

Th. data of Table 7.2 are used to evaluate all the estimators /, A, and n,, and to obtain estimates of the corre- 
sponding confidence intervals as described above, and the results are presented in Table 7.4. 
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If required, the ML estimator of the annua! survival rate is 


> Ba R, T.-C Ni .; . 
S-ha=T rR. ,é=1,... 4-1, 





with sampling variance estimated by 





. . es 1 1 1 1 
oo kK RK. t-6-8- 
We note the bias-adjusted estimator is 
T.-C, N,.,+1 
T RB.wtl’ 





~ R, 
S=¥ 


which is not the same as h,n,. 

The large confidence intervals in Tabi: 7.4 indicate that if the annual recovery rate is approximately 10% (or 
less), then values of N, and M, of about 400-500 are too smal! to provide reliable estimates of semiannual sur- 
vival rates. 


Table 7.4. Parameter estimates from the data of Table 7 2, obtained by the model under H;. 


Estimate Standard 95% Confidence Estimate Standard 95% Confidence [Estimate Standard 95% Confidence 
; error interval h, error interval i error interval 
0.1145 0.0136 0.0878-0.1412 0.7133 0.1091 0.4995-0.9271 0 RESO 0.1237 0.6455-1.1305 
0.0933 0.0104 0.0729-0.1137 0.7806 0.1218 0.5418-1.0193 0.8305 0.1256 0.5843-1.0767 
0.0795 0.0092 0.0615-0.0975 0.7894 0.1119 0.5701-1.0087 0.7823 0.1143 0. 5583- 1.0063 
0.1074 0.0129 0.0821-0.1327 0.7270 0.1521 0.4289-1.0251 0.8622 0.1866 0.4965-1.2279 
0.0840 0.0124 0.0597-0.1083 = - _- - - - - - 


veQane ™ 





For large N, and M, estimators of the nonzero or non-negligible covariances between fh, and fi, are 
cowl fi hy) =f he le-w-7| ,i=1,...,h-1, 
cov’ hyn) = —hy my wh _~ ao 

cowl fi. tu =— fi. ste le--a ,é=1,...,k-1, 
cov. = hy siu [~—— | ol,...A@8. 


Estimates of covariances involving the estimators n, and A, are obtained by substituting n, and A, icz nm and A, in 
the above formulae. 

Correlations are estimated by using the above covariance and variance estimators as described in Chapter 2. 
Thus, for example, the estimate or the correlation between / and A, is 





cov fh.) . 
corr fish) = seiko ,t Decco 1. 
For i = 2, 
cov fo he) = foe FN. 7, |~(00883) (0.7806) Fe 500” 250 0.000244 
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covifite)  _—«0.000244 
se(}.) seth.) (0.0104) (0.1218) 
Covariances and correlations, estimated in this way using the data of Table 7.2, are presented in Tele 7.5. 





corr’ fee) = 0.193. 


Table 7.5. Estimated covariances and correlations for the example under H;. 








i=l - 0.000148 -0.100 — 0.007644 - 0.566 
2 0.000244 0.193 ~ 0.009007 -0.589 
3 0.000350 0340 — 0.005224 - 0.408 
4 0.000772 0.393 — 0.015687 ~ 0.553 
cowl}, . sm) corrtf. a) cov.) = corr’hy. un 
int ~ 0.000609 -0.473 — 0.005092 moses 
2 - 0.000593 -0514 — 6.005833 ~0.419 
3 ~ 0.001083 -0.735 ~-0.007328 0.422 
4 - 0.001580 — 0.683 - on 





These estimated correlations are discussed further in Section 7.5. 
7.3 The Model Under H, 


The second mode! considered in this chapter is analogous to Mode! 0 of Chapter 2, and is called the model under 
H,. The assumptions of H, are similar to those of H, except that the reporting rate for newly released birds is as- 
sumed to differ from that for survivors of earlier r: ‘eases. Recall that in Model 0 dispersion due to migration was 
thought to contribute to this difference in the reporting rete for new releases, whereas the methods of this chapter 
are applicable mainly to resident species. Even without migration, however, dispersion after banding may be 
sufficient to cause a difference in the reporting rate for new releases and the model under H, is there- 
fore included here. 

The assumptions of H, are: 

(1) Annual recovery rates and semiannual survival rates are year-specific but independent of age; and 

(2) im any year, the reporting rave for just-released birds is different from that for survivors of previous releases 

(and hence the recovery rates are different also). 
The parameters are: A, and n, (i= 1,...,4— 1), as defined in Section 7.1, and 
f* = recovery rate in year i for banded adults released at the ’” preseason banding, i= 1,... ,A, 
f = recovery rate in year : for banded adults alive at the start of year :, but released before the 
i® preseason banding, i = 2,... ,. 

The structure of the model under H, is reflected in the expected numbers of band returns expressed in terms of 

N.M.. ££", &, ond n, as presented, for example, in Table 7.6 for a 4-year study. 


Table 7.6. Expected numbers of band recoveries for a 4-year study for the model under H,. 

















Year of recovery 
Year and time —-— - 
Gvanding _ itended = =Ssct aes ‘ | 
| Preseason N, Nt Nhimfe Ny him hotiohs Ny hi ny honcho nef. 
postseason M, Mnf, Minhnf, Min hin honfe 
postseason M M. nf, Minh ref, 
3 Preseason N, NT Nyhorofi 
postseason M Mynof, 
4 preseason N, Nt 
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Note that the parameters n, and f, are not separately identifiabie. 











Estimation of Parameters 
ML estimators of the recovery rates are 
4 *~ ae 
R, - Ru C,— Ry 
b=", TRG a aiteie 
Bias-adyusted ML estimators of semi annual survival rates are 
R,—R, M,+1 
he= N @1 i=1,...,4-1, 
° q@ N,.,+1 Ti Ri Cio et Ric aaes 
a a1 I Ti .4- Rin ites a8 


The corresponding unadjusted ML estimators are 
R,—R, M, 
a a) 


Ni. (FRB 








Finally 


For example, for the data of Table 7.2, 


~. Ry 41 
ff N, 500 0.0820, 
; (Ry = Rae) x(Cy— Re) (91 —41)« (128-41) 
2 


“N,x(T,—R,—C, +R) 500 x (293 - 91 - 128+ 41) 


(Ry = Ruy) * (My + 1) (91~-41)x 801 
N,x(Q,+1) 500 x 104 


_Qx(Ny + 1) «(T, ~ Ry Cy + Ra) 103 x 401 (333 ~ 65 ~ 220 + 44) 
M, «(Ry Ra + KIT. RY) ~ B00 x (65 — 44+ 1)(333 —- 65) 


= 0.0757, 





= 0.7702, 





A, = 





Sampling Variances, Standard Errors, and Confidence Intervals 
Estimators of the sampling variances of /*, /, h, and fi, for large N, and M, are 


var(f*) =f — f)/N, ,é=1,...,h, 
i 











1 1 
var(f) = (fh FOR RE oes roe ,i=2,...,4-1, 
var(h,) = (hJ* Rk O-k ,i=1,...,4-1, 
o = - 1 1 i 1 
weir 6-5. kK’ 5k ES mk. nS. 
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Variance estimators for 4 and n are obtained by substituting A and n for h and n. in the appropriate expres- 
sions. 

These variance estimators are used to obtain estimates of the standard errors and 95% confidence intervals as 
described in Section 7.2. For example. 


. . 1 1 1 1 1 | 
vartfa) =(hF Ply eR ey ory at os ml lle |se~ a0 * i is * #7 





al" = 0,00021885 , 
and 
se(/.) = \ ¢.00021885 = 0.0148 . 


To compute the 95% confidence interval for f, first compute 1.96 x se//,) = 0.0290, then the desired interval is 
(0.0757 — 0.0290, 0.0757 + 0.0290) or (0.0467, 0.1047). 


Estimates of parameters, their standard errors, and confidence intervals under H, from the data in Table 7.2 
are given in Table 7.7. 


Table 7.7. Parameter estimates from the data of Table 72, obtained by the model under H,. 

















Standard 95% Confidence Estimate Standard 
i error interval rf error 
| - - - 0.1145 0.0136 
2 0.0878 0.0183 0.0619-0.1237 0.0960 0.0132 
3 0.0757 0.0148 0.0467-0.1047 0 0820 6.0123 
4 0.1006 0.0249 0.0516-0 1492 0.1100 00156 
5 - - ~ 0 0840 0.0124 
Estimate Standard 95% Confidence Estimate Standard 
h, error interval i error 
| 0 6945 onus 0 4862-0 9028 0 9296 0 1666 
2 0.7632 0.12 4 0.5092-1.0172 0 8529 0.1601 
3 0.7702 0.1253 0.5246-1.0158 0 8056 0 1985 
4 0.6922 0.1833 0.3329- 1.0615 - - = 





Comparison of Tables 7.4 and 7.7 shows that precision is lost by using the H, estimators, especially in the case 
of n,, and the confidence intervals for the survival rates are practically useless. The discussion at the end of Section 
2.5 concerning choosing between Models 1 and 0 with a goal of miniraizing bias and maximizing precision applies 
equally to the problem of choosing between the H, and H, models, with the additional consideration that assump- 
tion 2 of H, is less likely to be necessary for resident species. 


For large N, and M.,, estimators of the nonzero or non-negligible covariances under H, are 





cov ff) == — FIN, i=... 4-1, 

cov f* Ay) = — §* AN, ém1,... 4-1, 

cov i n= Ph aI N. ,i=1,...4-2, 
1 1 | 

cvi:h) =thi =e - 7 i=2,...=1, 

cov(f .mde@—ho ym ies adie rer -- ,é@1,... 4-2, 
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cowl hur) = — hy me (o-i ,i=1,...,¢-2, 
coh. .t=—hrie [= = —-5— ,i=1,...4-2. 


The corresponding correlations are then estimated in the usual way, for example, 
. 1 1 1 
cov fhe) = foie RoR N,} (0.9787 «00.7702 | = - =| -0.001009, 


- covlfAs) 0.001049 
corr fhe) ” selhse(h,) (0.0148) (0.1253) 


Table 7.8 gives all the nonnegligible covariances and correlations for the example data of Table 7.2 under H.. 
Note that the estimators { and /. are positively correlated, and once again we emphasize that this is a property 
of the estimators themselves and is not indicative of a similar relationship between the parameters f and h.. This 
should be clear in this instance, because we would expect the parameters f/f and A., if correlated, to be negatively 
80, i.e, we would expect survival during the hunting season to be low when hunting pressure is high, and vice versa. 





Table 7.8. Estimates of covariances and correlations between the 
H, estimators, evaluated from the data of Table 7 2. 











Coverien iiees a ) 

i covif’ f) corr f* f cow f* AY) marie 

1 - - ~ 0.000145 -0.100 

2 ~ 0.000017 - 0.070 -~ 0.000147 ~ 0 086 

3 ~ 0.000012 ~ 0 066 ~ 0 000126 ~ 0.082 

4 ~ 0 000028 ~ 0072 ~ 0.000190 - 0 066 
cov ft am) corr f* 7 covif Aw) corr’ Ay 

1 0.000178 0 081 - - 

2 0 000125 0.078 0 001002 0.422 

3 0.000212 0 108 0.001049 0 566 

4 0.000116 9.051 0.003136 0667 
covlh a) corrh, . am! cov hn) corr ha) 

1 ~ 0.001220 -0.400 ~ 0.007286 -O0411 

2 ~ 0.001162 - 0 490 0 009044 -~ 04% 

3 ~ 0.003649 ~0738 ~ 0.005248 ~0211 
covih, . a) corrih. a) 

1 ~ 0.010606 -0491 

2 ~ 0.011824 0589 

5 -0691 








7.4 Tests of the Models 


Goodness of Fit Tests 


Goodness of fit tests to the models under H, and H, can be computed in the conventional way, as described, for 
example, in Section 2.2 in relation to testing fit to Model 1. For the model under H,, the E.'s, or estimated 





expected 
values, are obtained from entries in Table 7.3 by substituting the H, unadjusted ML estimates /, A, and A, for the 
unknown parameters These expected values are compared with the observed data values (O,,'s) and the familiar 
chi-square statistic is obtained as 
sex y (y-E" 
eb a 
If no pooling of expected values is required, this statistic has &’ - 34 + 2 degrees of freedom 
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For the model under H. the expected values are obtained by substituting the H. unadjusted ML estimates i. 
).. 2, and n, for the unknown parameters in the expectations in Table 7.6. if the assumptions of H. hold, the t ‘st 
statistic 
y-33 SS 
; 3 E. 





is chi-square distributed with k* — 4k + 4 degrees of frecdom (in the absence of pooling). 
An alternative method for testing fit to the models under H- and H., is described in Brownie ( 1973). 


Testing Between the Models 


A test of the model under H- against the alternative of the more general model under H. essentially tests the 
assumption that recovery rates are the same for new releases and survivors of earlier releases. 

The test statistic is computed as the sum of the & — 2 single degrees of freedom chi-square statistics obtained 
from the 2 by 2 contingency tables 


7 


| T-R,-C.+R, T.-R, 
jo--<---- pueenoenonuntiogeons i=2,...,k-1 
(Rk, | R-R, R, 
lcedaesienill ne: al 
T, 


If the assumptions of H; hold, the test statistic is chi-square distributed with k — 2 degrees of freedom. “Large” 
values of the statistic are taken to indicate that assumption 2 of H; is invalid, and the model under H; is rejected 
in favor of the model under H,. 

This is illustrated in Table 7.9 using the data of Table 7.2. 


Table 7.9. The test of H; vs. H. with the data of 
Table 7.2. 


Contingency Table Chi-square value 








! 

_61 ! 82 
i=2 48 ; 0.12 
i=3 87518. | 0.10 

| 41 50 
176 | 92 | 
i=4 eerie 0.10 
, 





Total chi-square value with 3 df is 0.32. On the basis of this result there is no reason to reject H; in favor of H,. 


7.5 Summary 


As stated earlier, the model under H; is likely to be the more useful of the two models proposed here. However, 
there is a need for the development of related models, particularly those that will allow for the live recaptures 
common in fish studies, and also models that wil! allow for age-dependence of parameters. 

We discuss here one way in which estimates might be used to study relationships between unknown parameters, 
and the importance of the correlation structure between estimators in so doing. 
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Suppose it 1s desired to relate hunting pressure during the season to postseason survival, e.g, it may be postu- 
lated that these two parameters are positively correlated. The rst problem is that we have no estimate of hunting 
pressure ‘H_ |. but if we can assume that reporting rates are fairly constant, then variations in recovery rates (f// 
will be largely due to variations in hunting pressure. Thus, if postseason survival (n.) ts in fact positively corre- 
lated with hunting pressure, and we have accurate and precise estimates, then we may expect to detect this 
relationship if we plot n against {/ However, the problem is not so simple, because such a plot may be influenced 
to a larger extent by relationships between the sampling distributions of the estimators than by a relationship 
between the unknown parameters. In this regard we note that the H- estimators f and n. are uncorrelated (in fact 
they are stochastically independent), but f . and n are substantially correlated (see Table 7.5). As all other rele- 
vant correlations are negligible for large N. and M ‘sce Table 7.5), a possible solution ts to use pairs of estimates 
from every othe. year \e.g., /.. ay. fa. ts, _) in plotting graphs. This, too, has practical problems as only rarely would 
enough data be available for this procedure to be useful. 

We emphasize that in order to make use of sv_' 2 procedure N. and M. must be large enough to provide estimates 
with high precision. Finally, the use of reward bands ‘Sections 2.1, 9.2) in conjunction with such a procedure may 
provide valuable informatior.. Reward band studies are discussed by Henny and Burnham (1976). 
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Chapter 8. Discussion of Other Points 


8.1 Advantages of Modern Methods 


The methods developed over the past 15 years offer a number of important advantages over the various ad hoc 
methods and life table techniques. By “modern methods” we are referring to the development of stochastic models, 
based on specific und well defined assumptions, and associated inference procedures which are optimal (in some 
rigorously definatle sense! in terms of efficiency of estimation and power of tests of hypotheses. In this section we 
will summarize (he general advantages of modern methods presented in this handbook and in the literature. 

Certain properties of a number of methods are summarized in Table 8.1. The methods presented in this handbook 
are grouped to allow comparison with a number of methods that are commonly used in the analysis of banding 
data and with various other methods in the literature. No attempt was made to include all relevant procedures. 
We merely wanted to suggest some general comparisons. We have also included some methods for the analysis of 
live recaptures in Table 8.1. This subject is discussed further in the following section. 

Modern methods have several important advantages over the older approaches: 

(1) They are based on a general stochastic model structure for the sampling distribution of band recoveries; 

(2) the assumptions of any specific model are made explicit and often appear quite general and realistic: 

(3) chi-square tests (goodness of fit tests) allow the assumptions of any given mode] to be checked statistically; 

\4) tests between models give more specific tests of the assumptions and, in conjunction with (3), allow for choice 
of a “best” fitting model, 

(5) estimates of annual survival and recovery rates are possible in several models: 

(6) because estimators of survival and recovery rates are based on the method of Maximum Likelihood (rather 
than some ad hoc procedure), these estimators are asymptotically “fully efficient.” That is, given the assump- 
tions of a particular model, there are no other consistent estimators that have a smaller variance: 

(7) annual changes in band reporting rates do not bias the estimates of survival rates if recovery rates are 
allowed to be vear-dependent, 

(8) estimates of sampling variances and covariances can be computed as a measure cf precision, and 

(9) because estimates of sampling variances and covariances are available, siatistical tests of hypotheses can 
easily be constructed (e.g., a test of the null hypotheses that average survival in two geographic areas is 
equal could be made using the following test statistic, 


z= (S, -§.) y variS,)+ var(S.)-- 2 cov S;, Se) 





which is, for sufficiently large banded samples, approximately a standard normal variate under the nu!! hypothesis). 
For this example, the covariance term is zero because the two data sets are totally independent. 

The reader interested in further comparisons is referred to Cormack (1968), Eberhardt (1972), and Seber (1972, 
1973). We agree with Eberhardt that the practice of life table analysis should be discontinued. Much better methods 
now exist and should be used. 


8.2 Relationship to Live Recapture Data 


The origins of comprehensive analysis and inference procedures for band recsvery data date back only to the 
early 1970's (Seber 1970 and Robson and Youngs 1971). In contrast, an analysis framework for live recapture (“cap- 
ture-recapture”) sampling began at a sophisticated level by the early 1950's (see Jolly 1963:113). The theory for 
band recovery data and live recapture data was developed somewhat independently. 

By 1978, the inference theory underlying band recovery data was weil advanced over the comparable theory for 
the analysis of live recapture data. While Jolly (1965) previded a very general basis for extended theory develop- 
ment: »w specific models and procedures were developed until the mid-1970's. Since we wrote the first edition of 
thie Handbook, a great deal of theory has been published on methods for the analysis of live recapture data. 

Initially, it is impertant to clearly distinguish between the two fundamentally different classes of sampling 
methods for banding or tagging studies. In *ye first, and the subject of this Handbook, data are available only on a 
single, terminal recovery of marked animat:, reported dead. These data are treated as independent, mutually exclu- 
sive outcomes (a given marked animal could be recovered dead in year 1, 2, ..., 8 or “never”) and the simple multino- 
mial distribution is appropriate (Chapter 1). In the second, data are potentially available from multiple “encoun- 
ters” of each animal through repeated captures or sightings. An example would include bird #6112 originally 
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banded in year 1 and recaptured in years 3, 5, 6, and 8. Viewed in this way, i.e., “multiple” recaptures of bird #6112, 
these data are not mutually exclusive and cannot be modeled as a simple multinomial. (As we will explain, this is 
not the best way to consider these data.) 

This second class of sampling methods has acquired the generic title “Jolly-Seber model” after the independent 
papers published in Biometrika in 1965 by G.M. Jolly and G.A.F. Seber (although one could mention J.N. Darroch 
and P.H. Leslie, as well as previous papers of Jolly and Seber, in the early formulation of models for this class of 
sample data). The Jolly-Seber model was developed for a homogeneous population segment where survival (®), 
population size (P ), births (B ) and the sampling rate (p ) were allowed to vary for each sampling period (i). Research 
since the papers by Jolly (1965) and Seber (1965) on these capture-recapture models has proceeded along two diver- 
gent lines. First, some investigators (e.g., Crosbie 1979 and Jolly 1979) have explored “reduced parameter” models; 
these have fewer parameters, but require additiona] assumptions. For example, all the ® could be modeled (as- 
sumed) to be a single constant %. Second, investigators extended the Jolly-Seber model to more general cases such 
as those allowing age-specific parameters (e.g., Pollock 198la and Stokes 1984). Other examples include Jolly- 
Seber analogues to Model 0 of Chapter 2 (Robson 1969, Pollock 1975). 

Nearly all of these restrictions and extensions were foreseen by Jolly (1965) as his basic model was extremely 
general. Few of the special cases of Jolly’s general modé: have simple closed-form estimators; the Jolly-Seber model 
being one such exception. Iterative methods for the solution of the ML equations were prohibitive in the mid-1960's. 
The availability of computers now allows the full range of Jolly-Seber models to be considered and implemented. 

While the two different classes of sampling models can be distinguished, an advanced and more careful consid- 
eration reveals many close similarities. Again, Jolly (1965) understood this, primarily through what he termed 
“losses on capture.” Jolly (1965:244) states “...the multiple-recapture [with the number captured at time i (s ) equal- 
ling the number released at time i (n)] and the single-recapture [band recovery] situations may be considered as 
two special cases of the general situation wherein s, and n, are not necessarily equal.” A further fundamental link 
between the two classes of models is seen after a careful consideration of the conditional nature of the appropriate 
likelihood function for the Jolly-Seber models. In this respect, Jolly (1965:241) states “...we make use of the infor- 
mation that an animal is captured, and that it is later recaptured, but not the fact that it is recaptured a second 
time.” For this reason he believes the phrase “multiple recapture” was misleading. 

Since the first edition many research papers have appeared that extend the generai theory for the Jolly-Seber 
class of models; these include Brownie and Robson (1983), Brownie and Pollock (In press), Buckland (1980, 82) and 
Clobert et «1. (In press). Pollock et al. (In press) provides goodness of fit tests for the Jolly-Seber models. Very impor- 
tant has been the age-specific extensions to the Jolly-Seber model (Pollock 1981a, and Stukes 1964). Theye 
are analogues for the models we develop in Chapter 3. Crosbie (1979), Crosbie and Manly (1985), Jolly (1979) 
and Jolly and Dickson (1980) develop resticted Jolly-Seber models that employ few parameters, but additional as- 
sumptions. 

Cormack (1979), Nichols et al. (1981), Pollock (1981b), and Seber (1982) provide an overview of new methodol- 
ogy in the analysis of capture-recapture sampling. Robson (1983) provides an extended numerical example for the 
complex multihypergeometric models and associated notation. Arnason et al. (1981) and Kremers (1984, 85) inves- 
tigate tag loss in the Jolly-Seber model, while Nichols et al. (1984) study the effect of permanent trap response on 
the estimators. 

Computer software is critically important for the analysis of capture-recapture data in a Jolly-Seber framework. 
Arnason and Baniuk (1978, 80), Crosbie (1979), Jolly and Dickson (1980), Nichols and Pollock, Hines and Brownie 
(in prep.) providy very powerful algorithms for use in the anu'ysis of data. 

The above pro vides an overview of the current state of development of capture-recapture analysis. We alluded to 
the very close link to banding analysis. Indeed, the methods are not fundamentally different. Below we present a 
more technica! discussion of the relationship of the two methods, and a unified concept of modeling capture methods 
for studying survival processes. 

Ag Jolly (1965:241) and others have recognized, capture-recapture sampling represents a series of releases and 
subsequent recapture. An animal can be recaptured only once after each release, because given that it has been re- 
captured alive, it must be re-released before it can be recaptured again. Therefore, the proper conceptualization of 
the recaptures is that they are conditional on the releases. A given animal may be captured more than once, but 
each recapture corresponds to a different released cohort of anirnals. 

Consider the above case of bird #6112, first released on occasion 1, and recaptured on occasions 3, 5, 6 and 8. It 
was also re-released on occasions 3, 5, 6 and 8 (at which time it was known to be alive). Thus releases and recap- 
tures are paired as (1, 3), (3, 5), (5, 6) and (6, 8) with no recapture after the final release at time 8. Ignoring the inter- 
vening releases, one is lead to portray the data as: 








Recaptured history 
Release time m a Ss a 8 9 10 
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' General, usually published, computer codes in FORTRAN 


' Relative to bird banding experiments, primarily 
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. (An X” indicates the method has the given property). 


Three age classes banded 


Adult banding 
ho and adult bandings 


: 
: 
3 
Ss 
: 


Composite time-specific life table (Hickey 1952) 


Composite dynamic life table (Hickey 1952) 
Dynamic life table (Hickey 1952) 


Time-specific life table (Hickey 1952) 
Haldane (1953, 1955) (for finite / =k) 
Relative recovery rate (Ricker 1958) 
Williams (1963) (see Geis & Taber 1963) 


a] Biannual banding of adults 


Standard Methods Previously Used in Banding 


Chapman-Robson (1960)'' 


Cormack (1964 


Manly-Parr (1968) 
Rober*s (1971) 


Fisher-Ford (1947) 
Seber (1971) 


Fordham (1970) 
Heinche (1913) 
Jackson (1939) 


M, 

M. 

M 

H, 

H, 

H, 

H, 

Johnson (1974) 


Jolly (1965) 





This 
Data Analysis*® 
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Conceived of this way, statistical modeling of the data is very difficult. The proper way to tabulate the data is in the 
manner of banding data; for this one bird the release-recapture history is: 





First recapture after release time i 
Release time i a. 2s 2 eS 6S oe ae he 
i 0 1 
3 
5 1 
6 0 1 
8 (not seen again) 0 0 


Tabulating all the data like this, it is easy to build up the components of the model needed as a basis for estimation of 
survival and recapture parameters. This approach has been used by Brownie and Robson (1983) and Brownie and 
Pollock (1985). The basic array of data becomes: 





First recaptured at time j 
Known releases given release at time i 
i at time i j=2 3 4 k+1 
1 N, m,, m,, m,, My yes 
2 N, m,, m,, “ My +1 
3 N, m,, My aes 
k N, Mm, ass 


Making the identification R, =m, _, these data are exactly like band recovery data. Only now any animal recap- 
tured at time j (= 2,..., k) may be re-released into the cohort of N, animals released at time j (some of which may 
have been previously unmarked). Firet recaptures from each cohort are (by assumption) distributed as multinomial 
random variables, and cohorts are (conditionzlly) independent. This conditioning on release is not just a mathemat- 
ical device, rather it is mandatory to do so because one knows the animals are alive at that time. 





+ 

‘ Jur yudgment based on a number of considerations 

‘ Individual parameters are not estimable under H, 

- Age-specific if, and only if, additional, rather unlikely, 
assumptions are specified 

* Orginal development was age independent more recenily used 
on data for both young and adults 

’ Estimators of variance given if* =. «2 

* Only if: «= 

* Many of these methods are described throughout the literature on 
banding data analysis ‘eg . Geis and Taber 1963, 
Gets 197 2a, 1972b) 

Mot relevant in live recapture experiments 

'' Also see Lack (1943) 
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Under this type of recapture and re-release sampling, the expectations of the m, are: 








Known E (m,); m, = numbers of animals first recaptured 
releases at time j given release at time i<j 
i N. j = 2 3 4 oon k +1 
1 N, Np, N.0.q,%.p, N,%.q,9) OP, eee No :9,°,4,°,9,-- oP... 
2 N, N.o P, N PGP, = N,°.q,°.4,~ oP... 
3. 6ON, N.o.p, cn N.o.q,... OP... 
kN Nop... 
Here 


p, = the capture probability on the i “ occasion, 
q, = 1-p, = probability of not being captured on occasion i (both are conditional on the animal being alive at 
that time), 
® = probability of surviving in the population at risk of capture from occasion i to occasion i+1(= the 
product of the physical survival rate times the probability of not emigrating). 
Making the forma! re-parameterization of 
f=¢p,,andS = oq,,, 

the E(m,) are exactly in the form of Modc1 M, -in banding data. san lihile thes ne Atlip cher entnaasdlese 
summary of recapture data and the resulcant §, f are fully efficient MLE’s. Then the Jolly-Seber estimates of ©, 
are found as: 


@=f+8, int k-1 
p,,, = £4£4+8),i = 1... k, 


= ah Diop ne nena ©, and p, ,, are not separably estimable. For more discussion of this relationship 

and Pollock (in press). 

+ os do ash ennsmamend aaien HERRGATE ex BIMVUIVIIS to enatean entaghers date Ghandi econ todene ditions 
loss of efficiency). 't would be a nuisance to transform the parameter estimates. However, more imrortant is that 
there is additional information in the recapture data (because individual animals mgy be seen more than twice) 
that is useful for testing model goodness-of-fit. That informat:on is not in the{m, }array. See Pollock et al. (in press) 
regarding such goodness-of-fit testing. A component of the overall goodness-to-fit test can be computed from the 
{m, }array; it is exactly the type of test discussed in chapters 2, 3, 4 and 5. In particular, the tests of chapter five can 
be used to test equality of parameters over sexes or areas for capture-recapture data sets. 

The above shows that for the purposes of parameter estimation, capture-recapture and banding data are mod- 
eled in a common framework. In fact, the only difference is the parameterization (this fact was known years ago, see 
e.g., Seber 1973). The difference in the parameterization is because the process of sampling released animals is so 
different: live recaptures vs. reported bands from hunter-killed birds. The general (abstract) statistical model for 
such first “re-sampling” of known releases can be written as: 
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Because band recoveries come from dead birds, the “natural” statistical models for analysis of recovery data do 
not involve the numbers of survivors of banded cohorts, at subsequent banding times. However, it is possible to 
derive the survival rate estimators by thinking in terms of surviving birds. This approach shows that analysis of 
recovery data is quite similar to analysis of live recapture data, as with Jolly’s (1965) model (see also Cormack 
1972, 1973 for derivation of population estimators from live recapture data). This approach will be illustrated for 
Mode! 1; the notation of Chapter 2 will be used. 

Consider only the first two banded cohorts. The data are 





Year of recovery 
Year Number —— — - - 
banded banded 1 2 3 / 
1 N, Ry, Ry, R,, Ry 
2 N, R., R., R 4 


As in Chapter 2, C, = R,,, and row totals are R, and R,. 
Let N? be the number of birds banded in year 1 which survive to year 2 (the time point at which the new re- 
lease of N, -irds is made). We have 
E/N) =N,S, 


where S, is the survival rate from year 1 to year 2 of birds in th: population represented by these bandings. An 
estimator of S, would be S, = N’/ N, if N* were known. Thus, to estimate S,, all we need to do is find an estimator 
of NY. 

Assuming, as Model 1 does, that all birds alive at year 2 have the same probabilities of subsequent survival 
and harvest, then on the average the same proportion of the bands of the N} birds previously banded an. ‘ the 
N, birds newly banded will be subsequently recovered. This is a key point; mathematically it is 


E(F) -B( p(A2tfee ee e(“"). 


From the above equation an estimator of N; is derived: 


(RCN. 
R; 


This estimator of N} is analogous to a Petersen estimator of population size. 


Now «n estimator of S, is given by 
N} /(R,- 
Cae: 


This is exactly the ML estimator of S, under Model 1 of Chapter 2. 
Sever a! points are worth making: 
(1) The estimate N.* relr‘es to the time when the known number N, of newly banded birds are released. It is 
the subsequent prope ons of the known N, bends : »covered that allows estimation of N.*. 
(2) The survival rate estimate is for the time perio.. between years 1 and 2, because N, is the number of birds 
alive at the start of year 1 and N; is the number of survivors of these N, birds at the end of year 1. 
(3) Letting mortality M=1—S, we see that 











estimates total mortality, because N, —N,’ estimates all deaths in year 1. In fact, we note no recoveries from 
year 1 are involved here, so sources of death during year | are irrelevant. 

(4) Similarly, that the data (recoveries) came from hunting is irrelevant to the interpretation of S,. All we re- 
quire is some device for sampling the population after the N, new birds are released, to find the relative 
proportion R./N, and hence obtain the estimator of N,*. Hunting supplies this sampling device, but it 
would work just as well if birds were caught (retrapped) and live recaptures reported. In practice, hunting 
provides broad-coverage sampling of banded populations at a higher intensity than would otherwise be 
possible. 
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All the survival estimators of this handbook could be formulated as ratios of population size estimators between 
banding time periods. This would show more clearly their proper interpretation. It would, however, be very clumsy. 
Model 1 was used here for illustratioa because it is easier to dea! with. For the more mathematical reader we will 
show how the general estimator S, in Modei 1 is derived as a ratio of population estimators. 
Let banded samples of birds be released back into the population at times 4, i=1,...,4, and let N* i=2,...,k 
be the total numbers of banded birds still aiive just before the i release of banded birds. For example, N; is the 
number of survivors at time t¢, of the original N, bandings. In general, N* are survivors at time ¢, of all previously 
banded birds (from banding times 1,...,i - 1). 
Of the N.* +N, banded birds at time 4, N*., survive to time ¢ .,. Overall survival rate in this time period is 
S,, hence, 

E(N?., | N*,N) =(N*+NDS,. 


Now we need an estimator of both N* and N*. ,. The expected proportion of recoveries from the N, new bandings is 


E(*) 


Of the N;* survivors of previously banded bir’. there are T;~—R, total recoveries. Thus, by the assumptions of 


e(y) . ae 








Nr) 
giving 





This equation holds equally well with i replaced by i + 1 to give N/. :. 
An estimator of S, is 
NP. ; 
S= FEN,’ 


Appropriate substitution gives, after simplification 


So (A: ta Rina\ Mins 
N, T, R;. 





8, = 


isee Seber 1970:319). 
From Chapter 2 we have 7,-C = 7,.,~R,.., hence 





. R, T.-C, Ni.3 
895 (a) a 
which is the ML estimator of S, ander Model 1. 


This shows S, is the ratio of two pepulation size ¢Aimators: N#. , and N;* + N,, where N°’, , is the number of sur- 


vivors at time ¢,., of the N?* +N, birds alive at t,. ‘This representation of §, shows clearly that it estimates total 
survival between times of successive releases. 


8.4 Proper Interpretation of Sampling Correlations 


This handbook concentrates on the analysis of banding data with emphasis on parameter estimation, especially 
annual survival and recovery rates S, and f, respectively. Models are presented alluwing one to examine quest, ns 
about whether S, and f are t‘me- and age-specific. However, no functional relationship between true annual sur- 
vival and recovery rates is ai sumed in any of these models. 

Biologists will usually be interested in a variety of questions concerning population dynamics of studied species. 
In exploited species like migratory game birds, the effect of hviting kill rate on survival rate is a fundamental 
question of considerable importance. Because band recovery rate is a direct index to kill rate, there will be a rela- 
tionship between true annual recovery rates and true annual survival rates (approximately linear as S, = a + bj). 
If the true annual parameters were known, this relationship would be easy to explore. gt available 
to us from the data analysis are estimates of these parameters. Moreover, these estimators (S,, f or ie 
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the model, are subject to large sempling variance and covariance. As a consequence, the relationships between 
parameter estimates are potentiaily very different from the relationship of the true parameters. 

A common mistake is to regress estimates of average annua! survival rate S on estimates of average annual 
recovery rate / from several different data sets, as a means of examining for the true relationship S, = a + bf. This 
is not valid, primarily because there will almost always be a negative sampling correlation between S and 
f In Example 2.1, the estimated sampling correlation of S and / i is —0.5710. The proper interpretation of this 
correlation is .s follows. 

If repeated sanples were taken from this population of male wood ducks, all having the sample sizes and cover- 
ing the same yeai s as Example 2.1, then we could compute the usual correlation coefficient from the pairs of esti- 
mates S, f and its »-alue would be around — 0.57. Because such samples would all come from the same population, 
the underlying true average rates S and f would be the same for every sample. Thus the sampling correlation of 
Sand / tells us about how true survival and recovery rates are related; it only reflects the extent to which 
the estimators S and f are correlated because they are both computed from the same data set. 

As a concrete example of sampling correlation, we show the results of a simulation of band recovery data for 
k =/ = 12 years of “banding” and “recovery” (see Anderson and Burnham 1976 for details). There were 20 indepen- 
dent repetitions of this “banding study.” Each simulation has sample sizes (N,) equal to 400 for all 12 years, and 
constant annual survival and recovery rates of 0.5 and 0.05, respectively. Thus the true model in these simula- 
tions was Model 3 wherein S, = S and f= f. The pairs of estimators $ and j and all 20 independent repetitions are 
shown below: 





0.0581 0.4445 
0.0491 0.4851 
0.0503 0.4996 
0.0523 0.4858 
0.0501 0.5072 
0.0489 0.4792 
0.0513 0.5091 
0.0515 0.4702 
0.0447 0.5256 
0.0507 0.5177 
0.0524 0 4826 
0.0509 0.4929 
0.0476 0.4927 
0.0576 0.4775 
0.0485 0.4927 
0.0486 0.5105 
0.0452 0.5221 
0.0446 0.5256 
0.0497 0.4829 


Because the exact same “population” was sampled in al] 20 the variation among these estimates is entirely 
sampling variation. The actual sampling correlation of S Tommetal from these 20 pairs is - 0.712. A plot of 
these points reveals a very evident linear relationship of on f but it reflects only the sampling variation and 
covariation of these estimators, and it is not valid to use such regression procedures to infer the true relationship 
of survival and kill (recovery) rates. 

The purpose of this section is to inform: the reader that this handbeok does not address the question of the rela- 
tionship of survival and kill rates. None of the methods presented here relate to that qu. »stion. We warn the reader 
that the sampling correlations are to be interpreted as reflecting the extent to which the estimators are interre- 
en ee ee ee ee As such these sampling correlations themselves are a 
warning that it is invalid to regress, for example, to explore the possible relationrhip of the true, unknown 
survival and recovery rates. 

The fundamental! problem is that of estimating the parameters a and 6 in the functional relationship S, = a + bf 
when the tre values of S, and f are not known. Instead, only estimates S, and f are available. This inference 
problem is re ated to the subject of variance components and to the so-called errors-in-variables regression model 
(cf. Kemptho: ne and Folks 1971). Both these latter statistical problems are very complex. 

This question of using the band recovery data to determine (test for) the effect of exploitation rate on survival 
rate is explored in detail in Anderson and Burnham (1976). The theoretical (data analysis) problems of validly 
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estimating a and 6 are complex, but the methods do build on the models and estimation procedures presented in 
this handbook. A correct theory is developed and applied to the continental mallard banding data accumulated 
to 1971. The reader who wishes to go beyond estimation and model selection and examine the effect of exploitation 
on survival is referred to Nichols et al. (1984). 


8.5 Some Implications of Assuming Equal Time Intervals Between Bandings 


It was pointed out in Chapter 1 that in this handbook we have assumed an equal time interval between banding 
of each cohort. For the methods of Chapters 2, 3, and 4, this time period is 1 calendar year for bird banding studies. 
The bulk of banding and tagging studies de (and should) have an equal time period between bandings. However, 
this assumption affects the generality of sone models and analysis methods we have presented. We illustrate the 
situation with the adult models of Chapter 2. 

Models 1 and 0 are valid whether or not time periods between handings are equal, because the survival and 
recovery rate parameters are allowed to be erbitrary. Consider arbitrary times of banding, say ¢,, &,....&. and 
let d,=t,.,-t,1=1,...,4—1 be the time inter vals between bandings. In Model | the survival rate S, applies during 
time period d,. The model structure is valid ‘or arbitrary d,. All the formulae for estimators of S, and f are valid 
as are their standard error formulae. Also the goodness of fit test is valid. In fact the only aspect of the analysis 
based on Mode! | that would have to be modified is the computation of the mean survival rate. 

Given such arbitrary time interva's Setween bandings, the hypothesis test of Model 1 vs. Model 0 would still 
make sense. The hypothesis test of Model 1 vs. Models 2 or 3 would be nonsense, however, because the hyp »thesis 
of equal survival rates per time period is not meaningful (interpretable) if time periods are themselves un ‘qual. 
Models 2 and 3 would have to be modified as follows: 

Let S be the survival rate for one time unit, in whatever units of time the d, are in. Then the nul! hypothesis 
of constant survival rate becomes 


H,:S,=S% ,i=1,...,&-1. 


The appropriate structure of Model 2 to represent a time-constant survival rate is now 


Nf = 
E/R,) = NSS «0 S40 i<j. 

Ap ropriate estimators of S and f could be computed, as could the ag »ropriate test of this model vs. Model | in 
the case of general intervals d, to correctly test for constant survival rate. But these analyses would have been far 
more complex to devise, and for the user of the cc mputer programs such extended methods would require inputting 
the time intervals d,,....d, _,. There is simply no great need for these more general models and methods allowing 
unequal time intervals. 

To use the models and analysis methods presented in this handbeok, or programs ESTIMATE or BROWNIE to 
analyze data with unequal intervals of time between banding, the following is required. First ignore all analyses 
using Models 2, 3, H.,, and H,.. This includes tests of these models versus any other models. Second, estimates of 
average survival rates cannot be computed as arithmetic averages, but must be based on the product of individual 
estimates of survival rates as 


§.=(1 §) A (8.5.1) 


where 
d-od,+- +d, 1. 


This estimator s then estimates average survival per time unit during the tota’ time period ¢, to & (which is of 
length d/ 


On Averaging Survival Rate Estimators 


Because most authors have considered the time intervals between banding to be arbitrary, they have recom- 
mended estimating an average annual survival rate using formula (8.5.1.). When the time periods are equal and 
the unit of time is tawen to be d = d= 1, then (8.5.1) gives S,, as the geometric mean of the individual survival 
rate estimates. Yet in this equal interval case it is just as reascnable to use the arithmetic mean 
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and we have done so in the computer programs. 

This question of how to average the individual survival! rate estimators arises only when the time intervals d 
are all equal and the S, are allowed to vary (e.g., Models | or 0). Because the question is one of parameter : stima- 
tion, we must first decide what is to be estimated. It is our opinion this parameter should be 


e-1 
= & 
a“ 
Another way of approaching this question is to ask if we know th» true annual survival rates S,,...,S, _,, and if 
we had to compute an “average,” what sort of average would we «~*pute? If the answer is the arithmetic mean, 
then formula (8.5.2) should be: used as the corresponding estimator. 
Alternatively, conceiving of the S, as random variables, the logical] parameter of interest would be E(S,) which 
is estimated by 5. Given this is the “average” we want to estimate, then the best estimator is §, as given in for- 
mula (8.5.2.) Moreover, for Model 1 (and others given here) we know 


E(S,) =S(1-(1-p,. ore) ’ 


which means for nractical purroses S, is unbiased. It follows §, is an unbiased estimator of 5. The same is not true 
of the geometric mean in this case. In fact it is krown that the geometric mean of a set of positive numbers 
is less than the mean. It follows that E/S,,) < 5 will be true. 

Also, because §, is a linear function of the S,, the formula for the sampling variance of §, is known exactly in 
wane ne aha ae Sate Se iby anew Coes > Sas 
VAR/S.) is only an approximation. For these reasons we recommend using the simple arithmetic mean of the S, 


8.6 Comparison of Survival Rates Over Years or Areas 


Often the biologist will not be satisfied with merely estimating annual survival rates but will want to test 
hypotheses about variation in survival rates over time or areas. As mentioned in Section 8.4 the effect of hunting 
kill rate on survival rate is a fundamental question. Although proper approaches to testing this general question 
can be very complex, there is an easily constructed test to compare specified annual survival rates. For example, 
if it is known that for a given banded population hunting regulations were very restrictive in certain years and 
liberal in other years, then it is natural to compare average survival rates in these different years. 

Let S,,...5,., be est.mated annual survival rates from a given banding study. These estimates could be for 
either adults (as from Model 1) or for young and adults (as from H,). In general let var(S,) and cow(S,S,), i « j, be the 
estimated sampling variances and covariances of these estimates. For any set of constants o,...,cx.,, the null 


can be tested with the test statis‘ic 


Hy: OS, +S, +--+ ~ Se. =O 
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The alternative hypothes. ~ ay be two-sided 

H,: Fy oS #%, 
or it may be one-sided, for example | 

H,: pa oS, >0. 
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Under this null hypothesis z is asymptotically normal with mean 0 and variance 1. For such a test to be meaning- 
ful one usually requires the constants c; to sum to zero and such a test is exactly analogous to the single degree 
of freedom contrast in analysis of variance (cf. Ostle 1963). 

For example, if we had a data set from adults with k= 5, analyzed under Mode! 1 (i.e., Model 1 was judged to be 
the appropriate model), then four annual survival rates are estimable. To compare the average survival rate in 
the first 2 years with the average survival rate in the second 2 years, one could take c; = c: = 1/2 and c;=¢,=— 1/2. 
The null hypothesis is then 

S,+S: S,+S, 


a in a 


Because this is equivalent to Hy: S,+S.=S,+S,, it is just as satisfactory, and mathematically simpler, to choose 


== 1, and c.=c;=— 1. Given this choice of constants the test statistic value is 


z=5/ Vvar(d), 


where §=(S,+S.)-(S,+S,, and var(5)=var(S,) + var(S.) + var(S;) + var(S,) + 2cov(S;,S2) — 2cov(S2,S3) + 
2cov(S;,Sy). 

The appropriate alternative hypothesis in this case could be two-sided, in which case one would reject the null 
hypothesis if the ebsolute value of z were “too large.” For a 5% significance level test one would reject if |z| > 1.96. 
But, suppose hunting regulations were restrictive in the first 2 years of banding and liberal in the third and fourth 
years. Then the alternative of interest is really 


H.,: 





S, +S, . Ss + S, 

2 he 
or average survival is greater in years of restrictive regulations than in years of liberal hunting regulations. The 
appropriate test is then to reject the null hypothesis only if z (not |z|) exceeds the appropriate critical value. For a 
one-sided 5% significance level test we would reject if z exceeded 1.645. 

For a specific example of such a test we will use the results of Example 2.6 under Model 1. This is a real data 
set from male mallards banded during the winter in Illinois from 1963 to 1970, inclusive. From Martin and Carney 
(1977) it is known that waterfowl hunting regulations were very restrictive in 1965 and 1965, and conversely they 
were very liberal in 1964 (cf. Anderson and Burnham 1976). 

From Example 2.6f we obtain the following values 


i= year S, se(S,) 
1964 68.17 6.95 
1965 64.65 6.26 
1968 74.25 6.13 


From Example 2.6 the sampling covariance of S., and S,; is estimated as — 29.48. (We caution the reader that the 
covariance of estimators are not printed on a percent basis by program ESTIMATE; hence, for comparability to 
results on S; and se(S,) they must be multiplied by 10,000.) The sampling covariances of S., and Ses, and S,s and 
Sox are both zero. 
The test statistic for testing Hy: Ss. =S,4 (restrictive vs. liberal year) vs. H,: Ses > Ses is 


Sn- Sos 


\ ee 


For a 5% significance !evel we reject the null hypothesis of no difference only if z is greater than 1.645. In this 
example we obtain 


74.25-68.17 6.08 
z= =—— = 0.66. 


\ (6.13)2+(6.95)2 9-26 








The data do not allow rejection of the null hypothesis. 
To compare average survival in the two restrictive years to the survival in the liberal year (1964) the test 
statistic is 





2=———- —_ 


\ (1/2)?var(Sq;,) + (1/2)2vari Sox) + var’ Seq) — 2(1/2)00v/ Ses, Ses) 
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.65 + 74.25 
he 
2 1.28 
“ ~——— | -= 55, = 0.18. 
\ (.25)16.26) + (.25)(6.13) + (6.95)? + (29.48) = 


Again these data do not allow rejection of the null hypothesis. 

Tests like these, contrasting selected survival rates, are very :lexible: they can be used to compare annual sur- 
vival rate estimates fo~ Cifferent years from adult or young bandings; they can be used to compare annual (or 
average) survival rates o1 males versus females (if the tests of Chapter 5 indicate a difference and it is desired to 
find out where the differences are); and they can be used to compare average (or annual! survival rates over dif- 
ferent populations (i.e., compare estimates from different data sets representing different areas). Tests like these 
are also suitable for comparing differences in annual, or average, recovery rates. Moreover, such tests may be made 
for any of the models. Hence it is impossible for us to give an exhaustive treatment of the possible uses of such 
contrast type tests to compare survival or recovery rates. The purpose of this brief discussion is to alert the reader 
to their existence and appropriateness for testing certain types of questions. We hope the reader well-trained in 
statistics will perce: ve the possible uses and correct application of this type of test. The biologist not well-trained 
in statistics is urged to consult a statistician when contemplating comparing survival or recovery rate estimators 
over years, sexes, or areas using such a 2-test. 
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Chapter 9. Planning a Banding Study 


9.1 General Remarks 


In this chapter we will suggest a number of considerations in planning a banding study. The remarks made 
here apply to other animal marking experiments although we make specific reference to bird banding. The fol- 
lowing material represents only guidelines because value judgements are required in planning a banding study. 
We can rarely give specific and rigid details because so many factors are involved. 

Band recovery data represent a sample from a banded population. Banding is done so that we have marked 
members of the population to sample at later dates. Banding studies are mere!y sampling experiments. In the case 
of exploited species of migratory birds, we have a very large number of “samplers” over a large geographic area. 
Consideration must be given to banding only birds that are representative of the total population of interest. If 
we wish to make inferences about the adult male redhead (Aythya americana) population in northern Utah from 
sampi'ng and analysis of banded members, we must be sure the banded sample is representative of the adult male 
redheads in northern Utah. This rules out, for example, the use of sick, injured, transported, or color-marked 
birds. We further discuss representativeness in the following section. 

Although bird banding is an expensive and time-consuming effort, insufficient attention has often been given to 
planning the study, assessing the assumptions, and thoroughly analyzing the data. The literature emphasizes 
the need for detailed planning of banding operations before the field work is initiated (DeLury 1947, 1951; Orians 
1958). Data gathering and data analysis should be coordinated through proper planning and a realistic evaluation of 
the necessary assumptions. Planning is crucial if the study is to produce accurate and precise estimates of popula- 
tion parameters. As DeLury (1954: 293) pointed out, “... it is an expensive impropriety to maintain that an un- 
trustworthy estimate is better than none.” Review of published material by Cormack (1979) and Seber (1972, 1982) 
as well as this handbook is recommended. 

For the bird bander or field biologist the primary drawback in the use of the newer techniques is likely to be their 
complexity. The theoretical basis of most of ihe better methods lies deep in the field of mathematical statistics. 
In most situations the use of a particular method is fairly straightforward, but the mathematical theory and 
derivation of the various estimators may seem difficult. We have included examples illustrating the use of the 
methods we describe. However, it is important for the bird bander or field biologist to fully understand the assump- 
tions and limitations of these methods as well as their strengths. This suggests that a joint effort between biolo- 
gists, bird banders, and ornithologists on the one hand, and statisticians on the other, would be advantageous. 
This cormbination of talent and expertise would be particularly advantageous for comprehensive analyses of re- 
gional or flyway banding programs. 

The advantages of large-scale cooperative banding programs are obvious. Entire populations can be sampled 
including population segments in various geographic areas. Indeed, continental, national, and regional banding 
programs are underway at this time for several migratory species (e.g., mallard, Canada geese, mourning dove 
(Zenaidura macroura), wood duck, and band-tailed pigeon (Columba fasciata)). The results of such cooperative 
banding programs can address major management and research needs. More comprehensive objectives and diffi- 
cult questions and objectives can be approached when parameter estimates and test statistics are available from 
numerous banded segments of widespread populations (e.g., Anderson 1975 and Anderson and Burnham 1976). 
Of course, much can be learned from single banding programs aimed at one segment of the population \ 2.g., Canada 
geese wintering in southern Illinois). In any event, the computer programs described by Cowardin (1977) and 
Davenport (1977) may be useful. 

In summary, several points could be emphasized. Bird banding studies must be developed on a scientific basis 
if accurate and precise results are to be expected. Planning the proiect and reviewing the literature should cer- 
tainly precede the field work. Estimates of various population parameters are not made easily and should not be 
made casually. Assumptions underlying the method of analysis to be used should be fully recognized. The newer 
stochastic models have a number of important advantages and therefore should replace the life table approaches. 
Estimates of the sampling variances of parameter estimates are of great importance in bird banding studies. 
Estimates of population parameters, made after years of expensive field work, that have extremely wide confi- 
dence intervals represent wasted time and money. 


9.2 Suggestions — Guidelines 


Banding of birds may appropriately be done at various times of the year depending on objectives and avail- 
ability ot birds. In general, we recommend that game birds be banded just before or just AVAL ting season. 
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Populations are usually sedentary during these periods and often large samples can be banded. Banding during 
migration periods is generally to be discouraged because it is nearly impossible to determine which population 
the estimates relate to. Banding during the breeding season is often quite disruptive to the population; however, 
there are many species where only breeding-season banding is feasible. Banding during the hunting season is 
also not recommended. However, there are instances where large samples of birds (e.g., Canada geese) can be 
banded only during the latter part of the hunting season. Hunting often keeps birds concentrated on refuge areas 
where they can be banded. The birds disperse rapidly as soon as the hunting season terminates and become diffi- 
cult to band in large numbers. In some instances, Models 0 and H, can be used as an approximation for in-season 
banding data (see Sections 2.5 and 3.5). Banding programs for nongame birds should probably follow the same 
general! periods: late summer-early fall, winter, and (for some species) during the breeding seasons. 

The actual banding period should be short in relation to the period between bandings (survival period). Mortality 
during the banding period is undesirable. Annual banding during a 3- to 5-week period is probably satisfactory if 
the survival period is 12 months. In some cases mourning doves are sometimes banded over a 2- to 4-month period 
which is likely to be unsatisfactory if the objective relates to the estimation of population parameters. Lengthy 
banding periods are especially undesirable for species with a high annual mortality rate. 

A very important remark concerns studies involving large banded samples of young birds without an accom- 
panying sample of adult birds. Unless some very restrictive and unrealistic assumptions are made no satisfactory 
estimates of survival rates are possible (Section 3.9). In general, the use of data from banded young birds will protuce 
seriously biased parameter estimates (similar to the large bias associated with life table methods). Unfortunately, 
many of the studies of gulls, terns, and other colonial nesting birds fall into this category. It is a simple matter to 
band young birds in the colony while still in the nest, but obtaining a sample of adults has proven very difficult 
and quite disruptive to the colony. Seber (1972) and Cormack (in an appendix to Fordham 1970) have developed ML 
methods for age-specific survival rate if it can be assumed that reporting/recovery rates are constant and inde- 
pendent of age and year and that survival is time-independent. These assumptions are unlikely to be supported 
by biological data. In addition, both authors acknowledge problems with the performance of their method. We 
expect few if any new developments in methodology that will lessen the need to band a matching sample of adults. 

Differences in survival and recovery rates by sex seem to be very common. We provide a test to examine this 
question (Section 5.1). Generally, separate analyses should be carried out for males and females, although we have 
seen several sets of Canada goose data where male and female survival and recovery rates are essentially identi- 
cal (this might be expected for a species that is not obviously sexually dimorphic and migrates in loose family 
groups). Ir these situations, the data for males and females (numbers banded and the recovery arrays) can be 
pooled before the analysis and parameter estimation takes place. This appears to be the exception rather than the 
rule, however, suggesting that sample sizes required for a given level of precision (Section 9.3) must be estimated 
separately for males and females. 

Except for Section 8.2, this handbook focuses on methods for analyzing recovery data. Several very good ML 
methods for the analysis of live recaptures are now in the literature (Jolly 1965, Pollock 1979, Jolly 1979, Pollock 
1981b, Buckland 1980, Brownie and Robson 1983, Stokes 1984, Crosbie and Manly, 1985). These methods deal 
with generalized Jolly-Seber models (e.g., age-specific parameters) as well as restricted modeis wherein some pa- 


rameters are the same over time. Also, there are some good computer programs specifically for analysis of live re- 
capture data (Aranson and Baniuk 1980, Jolly and Dickson 1980, Nichols et al. in press, Crosbie and Manly 


1985). It is now possible to do a fully efficient analysis of live recaptures and dead recoveries when both appear in 


the same data set. Buckland (1980) discusses one way to do this, however we feel that often the parameterization for 
the two types of data, coded into separate |m, ] arrays (See Section 8.2), must be different. While no specific software 
for such an analysis exist, program SURVIV (White 1983) can be used to estimate survival rates, and test if these 
rates differ between the data sets from live vs. dead samples. This has many important and interesting possibilities 
for studies such as those reported by Anderson and Sterling (1974). For these reasons, we recommend that recap- 
tures should be recorded as part of bird banding programs in the field. That is, birds captured alive in year i from 
banding at the same site in previous years should be carefully recorded. Of course, with nongame birds, recapture 
information is often the only type of data available, and the number of recaptures are often small. Analysis of such 
sparse recapture data has been considered by Kreger (1973) and Mardekian and McDonald (1981). 

We have explained that the theory underlying many modern methods allows the periods between banding to 
be unequal, but most analyses and tests carried out by the computer programs are valid only if these periods are 
equal. In general, we recommend banding studies to be based on annual periods. We also question studies where 
birds are banded every 2 or 3 years. Although there is probably nothing fundamentally wrong with such studies, 
we question what objective is being satisfied by such programs. 

Marking of birds (e.g., dyeing of feathers or use of patagial tags and ribbons, colored plastic leg bands, neck col- 
lars, nasal saddles, etc.) is generally done toward objectives othe: than estimating vital parameters. Hunters and 
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others are much more likely to shoot and/or report a vivid pink snow goose (Chen hyperborea) with a colored neck 

collar than a normal snow goose. Therefore, if estimates of survival rates are of interest, these practices must be 

avoided. However, if the mark disappears within a year (e.g., molt of the dyed feathers, etc.) Models 0 or H. may be 

appropriate and thus allow the banding and recovery data to be used effectively toward two divergent objectives. 

Most common objectives would be best served by banding and analyzing only normal wild birds caught, banded, 

and released immediately, uninjured. Studies of game birds often use only recoveries reported as shot during the- 
hunting season. This practice allows f to be used as an index to harvest rate. If the sole objective is to estimate 

survival rates, then nearly all recoveries can be used, thereby increasing sample size and precision. 

The use of Reward bands (cf. Henny and Burnham 1976) has several substantial advantages in a few studies. 
This technique must be used with care. The advantages are primarily that an estimate of harvest rate is obtained, 
rather than merely an index to harvest rate. If samples of Reward and regular bands are used, an estimate of the 
band reporting rate can be made and thereby allow past data to be interpreted more fully. The use of Reward 
bands increases the number of recoveries, often by a factor of 2 or 3, given a fixed number of birds banded. 

We believe banding programs should be conducted for a minimum of 5 years (k = 5). This will allow at most four 
estimates of survival. It takes several years to get a good-sized population of banded birds in the total population. 
Programs in operation for less tnan 5 years are not likely to produce useful estimates. Because precision is gained 
when - > &, the investigator may often wish to reanalyze the accumulated recovery data 2-4 years after banding 
is terminated to make a “final” analysis of the data. This allows the use of the additional recoveries from later 
years to be incorporated in the analysis. 

Species having low band recovery rates are particularly troublesome. For example, adult blue-winged teal and 
American woodcock typically have recovery rates of about 1%. If 1,000 were banded in August of year i we would 
only expect to get 10 reported the first year after banding, and perhaps only 20 over the total life-span of the banded 
cohort. These figures are totally insufficient so we might have to envision banding 3 or 4 thousand each year to 
obtain estimates of annual survival that are even reasonably precise. Usually, samples of this size are not obtain- 
able, particularly for each age and sex. One may ask if the 1,000 should be banded anyway and hope to obtain 
useful parameter estimates and test statistics concerning the population. Our research suggests the answer to 
this question is no. Johnson (1974) discusses a hypothetical example where small samples of birds were banded 
over a 3-year period with resulting parameter estimates having very wide confidence intervals at best. He ques- 
tions the value of such a practice. The important question of how many birds should be banded annually to obtain 
a specified level of precision is discussed in the next section. 

Needless to say, incorrect aging and/or sexing of birds in the field at the time of banding has devastating effects 
on the study. We have seen some examples of such problems, for example, in mourning dove data. Many songbirds 
are banded without identifying either the age or the sex. Data from such studies cannot be used for estimating 
vital statistics but perhaps some distributional data will be obtained. 

The subject of “representativeness” could well occupy a chapter of its own. Consider the large-scale duck banding 
program conducted annually in the northern two-thirds of North America. Typically birds are banded on concen- 
tration areas (staging areas). Here, they are easily trapped and banded in sufficient numbers. It could be asked if 
the birds in singles or pairs or small groups on the smaller water areas might represent a different population seg- 
ment and, since they are less likely to be banded, inferences from the banded sample to the entire population would 
not be valid. We suggest that this is not especially important because the recovery area is quite large (e.g., the 
major part of the Central and Mississippi Flyways) and both “types” of birds pass over the recovery (sampling) 
area during the fall migration. This suggests that the location of the birds during the banding period in late August 
will have little relevance to the sampling scheme (hunting). This conclusion might change if most hunting deaths 
took place on the staging areas and the birds remained on these areas during the hunting season. Neither of these 
conditions seems to be true, at least with migratory species. 

The above example suggests we can obtain our sample by banding the birds in a representative manner, or by 
employing a representative recovery (sampling) procedure after a random mixing process of the birds. These 
considerations might be quite different with studies of resident species, either game or nongame. 

In planning new banding studies of resident birds we urge that biologists consider biannual (pre- and post- 
hunting season) banding programs: Models H; and H, (Chapter 7). These models may allow a study of the effect 
of hunting on the survival process if adequate data are collected. Here again we emphasize the possible use of 
Reward bands in such studies. A second potential lies in data gathering efforts for Models H,, H;, and H;. These 
models are appropriate for those species that can be identified and banded according to the three age classes at 
the time of banding. Furthermore, annual samples of sufficient size must be obtained for each age group. The 
potential for this type of study is large, however, and the data requirements are stringent, perhaps impossible 
except for 1 few species. 
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In summary we emphasize that banding is not a panacea. Often in migratory bird management and research 
the word “study” has been nearly synonymous with the word “band.” Banding is an excellent tool for some species 
for some objectives. It is possible to obtain some basic estimates of vital statistics of the population and gain in- 
sight into some very fundamental relationships concerning population dynamics. For some studies aimed at cer- 
tain objectives, banding is usually the only method we now have. In some situations, no alternative exists because 
we have no other means to obtain needed information. These are the situations for which the material in this 
handbook will be useful. Unfortunately, many species cannot easily be banded or have behavioral habits that 
defy banding in sufficient numbers. In these respects, banding is no different than any other tool or technique. It 
is useful if used intelligently in the proper situation. 


9.3 Sample Size Guidelines for Adults 


The General Approach 


In planning a banding study one question sure to arise is how many birds to band. The variables to be specified 
are the annual numbers of adults to band, N,,...,N; and &, the number of years of banding. From experience in 
analyzing real data and knowiedge of these models and methods, we suggest 300 adults per year as a minimum 
for any species, even those with high recovery rates (for species with low recovery rates, more than 300 birds a 
year must be banded for reliable results). Otherwise the hypothesis tests and confidence intervals computed will 
be unreliable as they require “large samples.” As mentioned above we recommend at least 5 years of banding as 
a minimum goal when planning a banding study. Finally, it is reasonable in planning the study to aim for equal 
numbers of banded birds each year. Thus, in what follows we assumeN, = N, =-:-=N, =N. 

Specific sample size considerations require that we have a criterion to be satisfied by our choice of N. Conse- 
quently, we assume it is desired to estimate the average survival S, using Model 1, within a specified precision 
after the recoveries are available for all k years of the study. An alternate approach, which has been developed 
by Youngs and Robson (1975), is to determine each annual banding quota (N;) to achieve specific precision for each 
annual survival rate estimator S,. That is, their paper gives the methodology to determine Nj, given a desired 
variance VAR(S;) for any (or all) years. The reader who wishes to specify each N, separately in this way is referred 
to Youngs and Robson (1975). 

Let VARiS) _be the sampling variance of S (see Section 2.2), and SE/S) - = _ VVARS) be the corresponding stan- 
dard error of S. An approximate 95% confidence interval on S is given by S+ 1.96 SE(S). This formula can be re- 
written as S(1.+ 1.96 CV/(S)), where CV/S) is the coefficient of variation of the estimator S, CV(S) = SE(S)/S. 

A convenient mathematical criterion for choosing the sample size N is to have CV/S) less than or equal to some 
specified value (e.g., 0.05 or 0.1). After k years, we can then estimate average annual survival within a preset 
level of precision. This is equivalent to aiming for a confidence interval on S with a specified expected width. 

The true coefficient of variation of § depends upon the unknown annual rates S, and f, that will apply during the 
study, and upon N and k. Exact sample size determination is thus impossible. A practical course of action is to 
obtain the best guess of the anticipated average rates S and f, then use then, in place of the unknown S, and f in 
the formula for CV/S). These anticipated average rates can usually be deduced from available data on the same 
or related species. 

It will be shown below that VAR/ 5), and hence CV/ 5), is proportional to 1/N. In fact once we replace S; and fi by 
S and f, respectively, in the formula for VAR(S), then the expression 


hiS, fk) 
N 


[CvS)}?= (9.3.1) 


results, where the function h(-) depends only upon S, f, and k. 

The steps for sample size determination on adults are as follows: 

(1) Specify k and the desired relative precision CV(S); 

(2) supply the best known values of S, f; and 

(3) compute A/S, f, k) and from (9.3.1) obtain N as N=h/(S, f k)/ (CWS) }2. 
We will exhibit the formula for h/-) below, and then give a simple way to compute it. 

First a word about choosing CVS). We recommend cvs) < 0.05, or smaller. If this coefficient of variation were 
as large as 0.1, with for example, S=0.5, the expected 95% confidence interval on S would be (0.4, 0.6). Such a 
wide interval is not very useful. For the same value of S = 0.5, a value of CVS) = 0.05 gives ar expected 95% con- 


est ogy AVAHABIE 














STATISTICAL INFERENCE FROM BAND RECOVERY DATA 187 


fidence interval of (0.45, 0.55). If a very precise estimator of S is desired, a value of cvs) = 0.025 or less would not 
be unreasonable as a goal. 


The Function hiS, f. k) 


The sampling variance of Sis expressed, in general, as 


kt k-2 k-1 


¥ VARS/+2 % & covis,)| / (k-1)?. (9.3.2) 


g=§ j= t geoart 


VARS) = 





From Robson and Youngs (1971), formulas for the theoretical (large sample) sampling variances and covariances 
needed above are 





= i l 1 1 1 1 
= 2 --— a —_— — — i= a 
VAR/S,) =(S,) ERD NERD N,..* ET) ar | ,i=1,...,k-1 
and 
+ 0 Jj>ir+i 
COV/S,,S,) = 1 i = 
GS.) dE, oe 








The notation of Chapter 2 is used above; for example, R, is the :" row total of the recovery data array. 
If we use the restriction of equal N, in all years, the above variances and covariances are all proportionai to 1/N. 
This is because terms like E/ R,), E/T, — C,) and E/T.) are all directly proportional to N. For example 


E(R) =NO6+ Sif. .4+0°°+Si--- Si af). 


Replacing the annual rates S, and /,, implicitly involved in the formulae for VAR/S,), by S and / allows us to 
write the approximations we must use in practice for sample size determination 


_(SP 1 1 1 
vars) =< |p ” Re F -2| (9.3.3) 
> ae J>itl 
COV!S,S,) = —_ _(SP . . (9.3.4) 
lie -1 | JjJ=i+l. 
R*., 1 





The terms R*, C; , T* are functions only of S, fand k. They are easily computed by constructing the model struc- 
ture in terms of the cell probabilities 7,,=/S/’ ‘ f, treating these probabilities as data and applying the formulae 
for R,.C, and T, to compute R**,C,* and T;*. Specific formulae are 


, ~(1-(S* ++! 
R, 2 my=f is i=1,...,k 
o. ¢ ~ 1-S) _ 
Cr= 2 m=F( is) i=1,...,2 
and 
T* =T? .-Cr +R ,6=2,...h, 
with T/ = R*. Explicitly 
. -(1-(Se-' -¢ 
TT: FS “ae. =): é=1,...,&. 
Using formulae (9.3.2), (9.3.3) and (9.3.4) gives, after ae, 
(Sy? y*—! 1 
(kW VARS) = "SF |S (S—ae)- & x) * as tee 2] . 





From |CV/S)|?= VARS) /(5??, and the above formula, we derive h (5, /-k) of formula (9.3.1) as 


a 1 ‘1 1 1 1 
hiS, f.k) = Ls (rer) ef (Fs) Re" Re?) (9.3.5) 


(k-1? 
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where as shown above T,*, C*, R*, and R* depend only upon S_f, and k. Unfortunately, (9.3.5) does not appreciably 
simplify. 

If the terms R.*, C*, and T; are written out as functions of S and f, one sees that A/-) is approximately proportional 
to 1/f times a function of only S.k. Consequently, to a first-order approximation the required sample size is pro- 
portional to 1/f This implies a given precision could be met, for example, with half the panied sample if f could 
be doubled. It is worth emphasizing that average recovery rate is one of the most important controlling parameters 
affecting the precision of estimates of S and f from banding studies. Studies on species with very low recovery 
rates are usually pointless, unless huge samples can be banded annually. 


Computing the Function h(S, fk) 


Given a study length «, a specified precision on S. via the CVS), and reasonable guesses for S and f. then the 
required value of N is computed by finding A/S. f. k) and applying 


hiS. fk) 
a Te (9.3.6) 


The function A/-) given in (9.3.5) is easily calculated. a 
First generate the triangular array of cell probabilities (“data”) 7, =(S» ~'f: 


Probability of band recovery in year) 





Yer i 
ended 02s tt 
1 7 st sy SF R; 

2 s Ss: R: 

3 ae. s-3 ° 
k 7 R: 

Column 
totals C; Cr — |. ie Cr 





It is necessary to generate only the first row of the array; subsequent rows are merely truncated versions of row 1. 
Then sum the array rows and columns to obtain R,*, C*. The mathematically inclined person can easily short-cut 
this process as the relationship R* = Cy, . , holds. ” 

Next the values of 7* are computed from the formula T*=R* C*/f. Finally, it is easy to compute T*—C?. 
It will be convenient to arrange these numbers in a brief table, computing the columns in the order shown, for 


1,... 4-1, 
i R* c* T* T* - c* 


Then compute three summary statistics from this table: 


k-1 1 
aoe T*-C* , 
k-1 1 


B= xy 
+ 
; ! T: 


Items A and B are the sums of reciprocals of elements in colurnns 4 and 3, respectively, of the table. 


Finally 
A-B+C 


Ai S, fk) = a 1 
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An Example 


Assume a 5-year (k = 5) study on adult male mallards, banded preseason, is planned. From past data (e.g., Ander- 
son 1975), S=0.6 and /=0.07 are reasonable values to use. Now compute the table of estimated probabilities of 


band recovery: 


Pesbabillty eftand sessvery in year j 














Yor ——_—_____—_ — _ 
banded 1 2 3 4 5 

1 0.0700 0.0420 0.0252 0.0151 0.0091 

2 0.0700 0.0420 0.0252 0.0151 

3 0.0700 0.0420 0.0252 

4 0.0700 0.0420 

5 0.0700 


Only row 1 requires calculation; even there, element one is simply /- 0.07 and succeeding elements are just S = 0.6 
times the previous element. For example, 0.0420 = (0.6) (0.07) and 0.0252 = (0.6) (0.0420). 
Next, sum the rows and columns to obtain the partial table: 





aaa R* G&S ; 
1 0.1614 0.0700 
2 0.1523 0.1120 
3 0.1372 0.1372 
4 0.1120 0.1523 


Now compute the column for T* = R*C* /f For example, 


Ts = (0.1614) (0.0700) / (0.0700) = 0.1614, 
T? = (0.1523) (0.1120)/(0.0700) = 0.2437. 


Once the T.* column is written down it is easy to write the fourth column T,* — C,". The completed table is 


ee ee SS Sl 
1 0.1614 0.0700 0.1614 0.0914 
2 0.1523 0.1120 0.2437 0.1317 
3 0.1372 0.1372 0 2689 0.1317 
4 0.1120 0.1523 0.2437 0.0914. 


Now find the sums of the reciprocals of the last two columns. On most calculators this is easy. For the example 


l 1 1 1 1 














A= = F—G ~do0i4 0.1317 0.1317 00914 > °** 
Similarly 
1 
B~ ip 18.1214, 
and 
11 1 1 
c--1,1-2- ~2= 18.4815. 
R* 7 016140070. -°**5 
Finally 
W106, 0.07,5) -4~B+C _ 37.0679-18.1214+ 18.4815 _, 44 


+ 16 
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Up to this point it has not been necessary to specify a coefficient of variation on S. Assume CV/S) =0.04 is 
specified; then from (9.3.6) the sample size needed (numbers to band each year for 5 years) is 


2.3393 


N= 0.04)" 


= 1,462 
< . 


This is a reasonable number for a species like the mallard that is easy to trap and band. Thus, if about 1,500 adult 
male birds were banded each year for 5 years, then our expected 95% confidence interval around the mean survival 
rate (0.60) for the 5-year period would be 0.552 to 0.648 (the actual interval, being a random variable, would 
vary somewhat from these theoretical! limits). 

Other species are more difficult to capture and band: e.g, canvasback (Avthya valisineria) and snipe (Capella 
gallinago) Let us now examine che situation if only 500 birds per year could be banded (assuming the same 
values for S, /, and k). Then, using the above value of hi -) and N = 500, we can compute the relative precision to 
be expected: 





In this case, the expected 95% confidence interval on the mean survival (0.60) is wider, 0.520 to 0.680. Of course, 
the 95% confidence intervals on the individual annual estimates of survival would be much wider than this. 

This illustrates the point that these same calculations needed for sample size determination can be used to 
answer the question — “If we band N birds per year for & years, with 5 and / as anticipated parameters, what 
relative precision will we achieve”” We re.ommend calculations be made in any study, whether to determine 
N, or determine CV/5) given N. If the indicated CV/S) (for N given) is more than 0.1, the study is essentially 
worthiess if survival rate estimation is the primary objective. 

We emphasize that this procedure gives only guidelines for choosing the annua! sample size It is dependent 
upon a number of assumptions: (1) Model 1 or 2 (not Models 0 or 3) is correct, (2) the chosen values of 5 and fare 
near the values that will apply during the study, and (3) only expected confidence limits are given, the actual limits 
computed after the study wil! not be identical to the predicted ones. The assumption N= N,- = N, is not critical, 
however. If actual rumbers banded vary about the target value of N by even = 10%, these sample size considera- 
tions will still by useful. Program ESTIMATE allows sample size guidelines to be computed as an option (See Chap- 
ter 6). 


9.4 Sample Size Guidelines for Young 


The General Approach 


Adult birds should always be banded in conjunction with banding of young (eg, see Section 3.9) Thus we are 
faced with determining sample sizes for adults as well as young when young are to be banded Consequently, 
the reader should understand Section 9 3 before proceeding with this section 

In the problem at hand, the variables to be specified are the annual numbers of adults (N.) and young (M.) to 
band each year for t years As with adults only, we recommend a minimum of 300 birds of each age class be banded 
each year Also, we recommend 5 years of consecutive banding as a minimum goal for the study length if survival 
rate estimation is desired It is reasonable in planning the study to aim for equal numbers of banded birds in each 
age class, each year; thus we assume N,= N and M, = M for i=1,... 4. Finally, in what follows we assume that 
Model H, will describe the band recovery data from the study, and therefore the notation of Chapter 3 will be 
used here 

From considerable experience with banding data we have observed that the precision of the adult survival rate 
estimators based on Model H, (adults and young) is not very different from the precision obtained with Model 1 
(adults only) Consequently, we recommend that the adult sample size first be determined by the methods of 
Section 9.3. It will then be possible to determine an annual (target) sample size for numbers of young to band. 

anaes Cocemespumpemianets Saip RRS e asian: Avett sain anine 
rate during the study, with a specified precision. Let VAR/S') be the sampling variance of the estimator S’ and 
SE/$') = ‘ VAR/S') be the corresponding standard error of §'. An approximate 95% confidence interval on 5° is 
Gren ty 52198 SBS"). Pete be rewritten as 5:1. + 1.96 CWS") ), where CVS") is the coefficient of 
variation of the estimator S$’. CV’ = SES) 5° 

As with adult sample size determination, a convenient mathematical criterion for choosing the sample size M is 
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to have CV/S ) less than or equal to some specified value, such as 0.05 or 0.025. This is equivalent to choosing a 
sample size such as that there is a prescribed expected conficence interval width on S”. 

The true coefficient of variation of S’ depends upon the unknown annual survival and recovery rates (S_, S, 
f. and f ) for young and adults that will apply during the study. Exact sample size determination is thus imy=<- 
sible As in determination of adult sample size N, a practicai course of action is to obtain ‘he best guess of the 
anticipated average rates, S . Sf. and f, then use them in place of the appropriate unknow 1 year-specific para- 
meters ir the formula for CVS’) These anticipated average rates can usually be deduced from available data 
on the same or relaved species. 

Given the above approach to determining sample size for young, a formula for M can be derived. Given the 
requisite adult sample size has been computed, it is then easy to compute M. Derivation of the formula will be 
given below in a separate subsection: the less mathematical reader can skip this material. 


Derwation of the Formula for M 
From Browne (1973-14) 


PE a dt _ 4 
VARS?) see -e ER -N (94.1) 
and . 
COVIS'S” 0 ie jel... bed 
It follows that 


i puss ‘ 
VARS) -(- 5) = VARS). 
Upon making the assumptions N - N.M.- 4.8’ > S'.S.«S.f «ff and = explicit results can be derived: 


a Pee a 4 k-1 k-1 
vands-(-5)oe[s lea otea lta wb 


ao Ser J ca Doi 
\k-1 CWS) wai * i ifs Re. |- ~tk- vite ni (9.4.2) 
In formula (9 4.2) R. has the same meaning as in Section 9 3. specifically it depends only upon adult param- 
eters S and /, not upon parameters for young. Because of the relationship between R”* and (* formula (9.4.2) may 
be rewritten as 


\(k- Lewes)" ule-*- 1) +h lanue »|, 





where 
, - i 
A A 
and 
1-8 
Cc A* aan ). 
Finally the formula for M is 


le “k= 


: (9.4.3) 
|e-rews[-|4 4) 


An Example and Some Considerations 
The desired sample size M is given by tormula (9.4.3), where the quantity A’ is given by 
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with the C* having exactly th: same meaning here as in Section 9.3. Hence the C* depend cnly upon adult 
parameter values, and must be cumputed anyway to determine the vaiue of N which appears in formula (9.4.3). 

The example of Section 9.3 will be elaborated upon here Assume young are also to be banded, and that S’ = 0.5 
(note * out of the final formula for M, hence need not be considered). In the preceding example S = 0.6, 
7=0.07, CV(S) =€.04, and the C* were computed to be C* = 0.07, C* = 0.112, C* = 0.1372, and C* = 0.1523. It is thus 
easy to compute 


ve. ++~3706. 


Aiete ty t 
cq G CG 


From Section 9.3, N = 1462 in this example; thus from formula (9.4.3) 








0.5 
M- 
. 37.06 -—4] 
lacvs | 1462 
70.1 





2 
M-= (9.4.4) 
16 (CV(S")}*— 0.02261 


Only now is it necessary to choose a desired value of CVS" Because CVS) (for adults) was taken as 0.04, one 
might also want to use this value for young. The value of M is then computed to be 


70.12 


M~= e004" -0.02261~ 





23,452. 


This is a surprisingly large number, 27.4 n> doubt impossible to achieve. Tus prints out that it may not be possible 
to achieve the same coefficient of for both adults and young. 

The basic problem is VAR/S') depends upon both the numbers of adults ‘N) and of young (M) banded. 
Structurally, S$; equals S;p,. ,/,.,, where the product S'g,., is estimated from band recoveries of young only 
and p, . , is estimated from adult recoveries. Thus the variance of S, (and of $') has two components, one dependent 
upon the value of N and one dependent upon the value of M First-year recoveries irom birds banded as young are 
not used in the estimation of S; and this also explains why precision is somewhat poor. Once a value of N is chosen 
for adults there is a lower bourd on the precision of S’ that can be achieved, even if infinitely many young birds 
could be banded In this example with N = 1,460 the lower bound on CV/5') is 











CWS") = Nié = 0.03759. 
In general for N given, the lower bound 1s 
A’ -th-1) 
CwS')> Nahi?’ (9.4.5) 


(which can only be achieved if infinitely many young are banded). 
For the example at hand one would realistically have to settle for a lower precision on 5’, for instance CV/S") = 
0.07. Then from formula (9.4.4): 


70.12 


M = S007" 0.02261 


= 1,257 . 





As was pointed cut in Section 9 3, an alternative use of these sample size formulae is to determine the precision 
that will be achieved if a given namber of birds is banded (given values of &. S, etc.) For the care of young, once 
a value of N is determined, or given, one simply solves formula (9.4.3) for CV/S') given the value of M anticipated. 
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As a general procedure we recommend computing the unknown terms, like A’, to arrive at a reduced !ormula such 
as (9.4.4). For this example one then has 








. 70.12 0.02261 4.3825 
CwS)= ag? . lB +0.001413 . 





Any number of values of M can now be tried. If it were felt one could band twice as many young as adults, then 
we have M = 2(1,462) ~ 3,000, and 





cw $) - ‘ ao + 0.001413 = 0.0536 . 


meena bm hadnetieadiney e-em ype toner ~~ th my Ne tats “Oo a 
(young/adult) if one wants equal, but unspecified, values of CV’ ) and CVS"). The relevant formula is 


A’ 
M [e--0| 
N WS. kh) (h-1P-[A'-(h-1)) 


Evaluating the formu'a for the example used throucout these two sections gives 


mM 712 
N (2.339316 — 33.06 








or 16 yourg per adult. This is likely to be an impossible ratio when reasonable numbers of adults are banded, 
which fact goes back to our earlier statement that it may be unrealistic to iry to achieve the same coefficient of 
variation for both adults and young. 

In summary, the determination of sample sizes ‘N_.M) in case both young and adults are is not as simple 
as determining N alone. It is important to bear in mind the lower limit achievable for CV/S') ‘once a value of N 
is chosen) This fact may require some adjustments in the target value of N in order to achieve suitable precision 
for both ages Even if are used in no other way, they should be used to determine expected coef- 
ficients of variation for S and S’ in a planned study with prescribed values of N and M_ If this precision is too low 
(coefficients of variation greater than 0.1), the study is nearly worthless for survival rate estimation. 
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Appendices 


As the authors pointed out in the Preface, the mathematical models and associated analysis procedures pre- 
sented in this handbook are new The first such modern mode! for analysis of banding data was published by Seber 
(1970). indeeo this work spurred the developments presented here ‘also see Seber 1962). Robson and Youngs (1971) 
independently developed the model examined by Seber and extended the analysis procedures We have referred 
to the Seber-Robson- Youngs mode! in Chapter 2 as Mode! 1. With the exception of Model 1, the extensive models, 
analyses, and testing procedures presented herein are new to the published literature. The purpose of these appen- 
dices 1s to document the basic references for the technical mathematical development of the models and analysis 
procedures presented in this handbook. 

Appendices A and B are intended for the mathematica! statistician who wishes to understand the theory behind 
the methods presented in the handbook. This theory exists in only a few published sources, the most important one 
being the doctoral thesis of Brownie (1973) (cf. Brownie and Robson 1976). Appendix A presents, by chapter and 
model, where the background theory may be found. In those instances where no literature exists on the theory, it is 
80 stated and we sketch the underlying theory. We hope that the mathematically trained reader will be able to fill 
in the gaps. Appendix B presents information on several points of general methodology useful in these models and 
methods of analysis. For example, there is a convenient method of deriving the ML estimators of survival and re- 
covery rates for all full-rank models which is much easier than the standard approach of taking partial derivatives 
of the log-likelihood. We assume the reader has read and understands Section 1 5, as wel! as any chapters for which 
greater detail is sought. 

Appendix C presents 10 papers specifically related to the subject of this Handbook that have appeared since the 
first edition. They have been reprinted in an effort to allow the second edition to be up-to-date. 
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26 APPENDIX A 
Appendix A: Basic Mathematical Background and References for the 
Specific Models Presented 
Chapter 2 
Models 


Four models for the analysis of recovery data from individuals banded as adults are presented in Chapter 2. 
They are referred to here as Models 0, 1, 2, and 3 in decreasing order of generality. These models are nested in 
the sense that if @, is the parameter space for model i, then 6, ., is a proper subspace of @,, i= 0, 1, 2. 

For & years of bandings and / = k + s years of recovery data, the cell probabilities for Model 0 are 


i a=) 
™ is...s, bo CaS, 
for 1=1,...4j=i,...4+8. The parameter space is 


| a Se 2 oe Sen 


with dimensionality 34 + 2s- 2. Model | is obtained from Model 0 by making the assumption (restriction) that 
{" <fa=1,....4 Thus the parameter space for Model | is 


giving 24 + 2s- 1 parameters. To derive Model 2 from Model 1, assume equality of annual survival rates: S, = S, 
i=1,....+8-1. 
Thus 

@,= (fh, ... Fe B}, 


has 4 +s+1 parameters. Model 3 is the most restrictive possible as it assumes the restriction f= /.i=1,....4+2 
on Mode! 2 Hence, the parameter space for Mode! 3 is 


®,= (£58), 


with only 2 parameters. 
It 18 seen that the parameter spaces are nested as 


6, Cc @,ce,C &. 


Statistical inference under Model | is well documented by Seber (1970) and Robson and Youngs (1971). The latter 
reference (available from Cornell University, Biometrics Unit) covers the goodness of fit test for Model 1 and 
presents additional covariance estimators not given in Seber's paper 

Mode! 0 is developed in Brownie (1974b). This reference, also available from Cornell University, is the only 
reference to the mathematical developments of Model 0. It is comprehensive, however, covering parameter esti- 
mation, confidence intervals, and the goodness of fit for Model 0. This reference also covers the test of Model | vs. 
Model 0. As indicated above, this is a test of the null hypothesis that f° </, i= 2,... 4. Finally, Brownie (1974b) 
gives the relationships of the three tests: goodness of fit tests of Models 1 and 0 and the test of Model | vs. Model 0. 

Model 2 was developed in the course of work by the authors. There is no reference to its development. Model 3 
is not exactly new in that numerous authors have dealt with this case (model) of constant annual recovery and 
survival rates For a review, see Seber (1973:245-246). However, no one has previously derived the exact ML esti- 
mators for this model, nor tested any of the assumptions it makes (e.g, a goodness of fit test or the test against 
Models 2 and 1). 

The ML estimators under Models 2 and 3 do not exist in closed form. The equations to be solved are easily found 
in the usual manner by taking partial derivatives of the log-likelihood. For Mode! 2 the likelihood is (using f= 


{f....£)) 
rupsi=| th (fr | Se n (m7 2 J ™ 
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where 
R= = R, i= 1... 4 (row total) 
onl, &) 
G= = Re .i>1,.../ (colum, total) 
oe 
: 
Q@=-= = y-wv R-. 
and 


l-w 1 E wy =f+Sh..+Sh..4+---4+8 Ff . 


From the above the reader can easily write the likelihood for Mode! 3 (also note it is given in Section 1.5). We 
assume the reader can wri.+ down the corresponding log-likelihoods and take the:r partial der: vatives For example, 
under Model 2. 


aintsfS) Cs 7" a8 





)e-* hed... d. 





af, f jot Wi«t 
There is one general numerical method used in program ESTIMATE to solve the ML equations for Models 2 and 
3; we outline this method in Appendix | 


In the cases where closed-form est); » do not exist the variance-covaria== matrices of estimators were 
derived by inverting (numerically, except ‘or Model 3) the Fisher information matrix under the respective models. 
We assume the reader can derive the elements of these matrices if they so desire 


Test Statistics 


The goodness of fit tests for Models 2 and 3 are standard procedures which we feel are satisfactorily explained 
in the text. The tests between models (i.e., Model 3 vs. Model 2, Model 3 vs. Model 1, and Model 2 vs. Model 1) com- 
puted by ESTIMATE are all likelihood ratio tests. The test of the null hypothesis S,= S.i=1,..../-1 is a test of 
Model 2 vs. Model |. The test statistic is 

Dave = 2[ (ns (FS) - ins A fB)) . 


In this notation /,//.S/ is the log-likelihood function under Model | evaluated at the ML estimators under Mode: 1. 
Similarly, /; 1s the log-likelihood under Model 2 evaluated at the ML estimators computed under Model 2 If the 
null hypothesis is true, - 2,,, is asymptotically distributed as a central chi-equare statistic with (2/ - 1) -(/ + 1) = 
/ - 2 degrees of freedom The other test statistics are representable as 


rvs = 2[ns (PS) - ins (FS) , 


and 2ars = (2As: + 2aes), where 2a,, tests Mode! 2 vs. Model 3 (i.e., H,: {= /) and 2a,. tests Model 1 vs. Model 
3 The interested reader should be able to write down the explicit form of /n/. 


Mean Life Span 


Under all four models of Chapter 2 an estimate of «ult mean life span is computed Though there are references 
to this parameter in the literature (e.g, Cormack 1964), it is not very weil explained A general derivation is given 
here For a bird alive at time ¢, (= 0) its expected additional lifetime or mean life span (MLS) depends upon the 
survival curve for that species from {. on. In general this survival curve may depend upon age, sex, and calendar 
year. Let S/0,t) be the probability of survival until time ¢. Without loss of generality we can write 
~- fo 
S01) «¢ fn 


where pir) is the instantaneous mortality rate. If T = life time (a random variable), then the cdf of T satisfies 


1-Fi-SO0 <«— fo 
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Hence, the pdf of T is 
fu=pwe hn* 0<¢t 


ET) =f tpive SL" ae. (AD) 


Without assuming something about p/r) we cannot simplify this formula. The simplest case is p/r) = p which 
implies annual survival rate is constant: S(0,1)=¢~* = S. Though this implies Model 3 or 2, it is not necessary in 
those models to have constant instantaneous mortality. The above assumption leads to E/T) = MLS = 1/p, and 
p=—n(S),or 


MLS=- —— . (A2) 


See ae ee eS ene eee 
properly _ we feel they are useful enough to be computed, using either S from Models 
2 and 3, or from Models 1 and © in place of 8. 

Another useful concept is “half-life” or the time period from banding of adults until we expect half the birds 
to be dead This was mentioned in the example of Section 2.2. Under the assumption of constant instantaneous 
mortality rate p/r) = p (which implies Model 2 or 3), lifetime T is an exponential random variable with cdf 


Fitji=l-e-*. 

Hence, the time ¢, ; such that half the birds are dead and half alive, is given by 
0.5 = 1 — expl — plia). 

This equation 1s easily solved for 
boyy = ee 0.69) MLS. 





Thus the adult half-life is conveniently computed as 0 69 times the mean life span 


Chapter 3 


All the materia! in Chapter 3 is new, having heen developed within the past 4 years, the primary reference is 
the doctoral thesis by Brownie ( 1973). 


Five models are presented in Chapter 3; in order of decreasing complexity these are H,, H,. H,, Hu, and He. 
These five models are nested in the same sense as those of Chapter 2 The model structure (there are two arrays, 


R, for adults and Q, for young) for H;, is represeatable as 





g” jni 
w(h)-*- a Bohs Joleen 
2(9)=w.-{s:, yee 

Cece Se ot ee Pree ee 


(see also Table 3.7). Because H, assumes three age classes, it has quite a few parameters, with the exact number 
difficult to write unless the value of / (ie., / =, 4+1, or />h+1) is epecified. For / =’ the parameter space of 
Model H, is @,~ (ff;:...8" A... RR... Rife fh SB... 82. BE... St. BL... Bh» Say... Seo), hich 
has &(4—1) parameters. 

Model H, is derived from H, by assuming the null hypothesis S/"’ = S/' = S, and f' =f, where the range of i de- 
pends upon the value of /. 
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Further restricting Model H, by assuming f’’’ =f gives Model H, with the structure 


Tij= f Jat 
. SiS. ---Sj-sf ae 
fi jai 


i; 


~ 1S/Si.1°°°S) aff j>i. 


The parameter space for Model H, when (=k is @2={ff,....f.'"Uf.... fi. fi--- Sie Si,... Si - 1S... Se — 1} with 
5k-3 parameters. The parameter space for Model H, when /=k& is 0, =({f,... fi. fi,..-.fi-Si.... Si-1Si,... Se-s}, 
with 4k—2 parameters. 

Model H,, is derived from H, by assuming constant annual survival rates: S; = S’, and S, = S. The model structure 
of H,, is 


m= S! f Jj= l, f,i= 1, »k 
_ff = 
* “\lss--4 jpitl 


with parameter space ©. ={/i,....fi.fi,....f ,S',S}. 
Finally, restricting Hy, by assuming time-constant, but age-specific, recovery rates gives Model H,,: f= /,f' =f’. 
This simplest model has the following structure 


ny =S-'f 


ial ji 
"  |S'S-i-'f jeita. 
The parameter space is simply 0» = {f',,S',S}. 

The parameter spaces of these five models are nested as @», C @u2 C 0; C @, C @,. The best way for the reader to 
become familiar with these models is to write out the model structures, in detail for specific k and / (e.g.,k=/=4 and 
k =3, /=5), and determine the exact number of parameters in each model. 

There is an analogy between the one-age-class (adult) and two-age-class (adult and young) models with respect 


to the assumptions made about time specificity of parameters. This is diagramed below (models are presented in 
the order, restrictive to general): 


Adults Adults and Young 
SIE intidiienadsienssacseneveidecestneseuseceteneeenials le 
Ey eae ee He 
I entiaiinenietilennediiessdiiatndainccmmnevtietciabieiaiiatiii H, 
TT cities ailing aha nndiaeitiiterdmnesinieanatetedes H, 

Hi, 


Just as Model H, represents a three-age-class case, Model M, can represent a two-age-class case (see Section 2.5). 
Note that in program BROWNIE Model M, is referred to as Model Hy. 

The development of Models H,, H:, and Hs, all estimators, covariances, tests between models, and goodness of fit 
tests are thoroughly dealt with by Brownie (1973) and Brownie and Robson (1976). We therefore make no further 
reference to these models. 


Models Ho and Ho Likelihood Functions 


The development of Models H», and Ho:, and associated inference procedures, is not documented anywhere. 
Consequently, we give the likelihood under each model (denoted %, and %2): 


k k 
Sos S'S) =(f MS!) TA~ Af (TR > TO AGE TL (ari.cea OM TD Cea Mim % 
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& 


A= Qi 


_ ' 
TQ= = 2 Q 

i=ij=i 

& 4 
TR= = = Ry 

i=tj=i 

k 


x 
B= << G-VRyt+ > 5 G-i- DQ 


i=l jeiel i=t juie+? 


eo {2 -S/- a | 


inked 
2 a -s'f(= | otherwise. 





Given the above, the reader can determine the log-likelihood function and its derivatives (specifically the likelihood 
equations). For example 


dnfa_A_§ (M2) 
af’ f ima \Mie es f 
The likelihood under Model Ho: is 


Sel f,... fi fr... i: S'S) = 1 (f7yeu($") 70- - fro inser ey? i (f) 1+ S* 


i=1 jake 


fi (mig + i n (aie «i 
=1 =1 


In the above 
mies =1—(fitSfirrt+S*ficet---+8!-'fy) 
tunel s ixk=l 
, 1-(fit+S'fici+S'Sfirat---+8'S'-'-'f,) , otherwise. 


From /o; we can derive the likelihood equations (and the information matrix), for example 


alnFLo2 Qn ™**) (Mi -Q,. ‘ 
ofr a & h oo) etttedines 


For Models Ho; and Ho, the log-likelihood equations are solved for the ML estimators by program BROWNIE, 
using the method of scoring (see Appendix B). The tests among Models H,;, Ho, and H, are all likelihood ratio 
tests. For example, the test statistic 





hoor = — WlnLo,—lnFLo) , 


with the likelihoods evaluated at the respective ML estimates, tests Model Hy, vs. the alternative of Model Ho. 
The null hypothesis for this test is ff’ =f’, i=1,...,k,andfi=f,i=1,...,¢. The test statistic 


hors = — Wn Lo —lnF;) 


tests Model Ho: vs. the alternative of Model H, (the reader should be able to write down the likelihood function 
for Model H,). Finally, the test wf the H,, vs. H; model is based on the statistic 


Aor,1 = (Aoro2 + Age) 


Under the null hypothesis, each: test statistic is asymptotically distributed as a chi-square random variable with 
degrees of freedom equal to the difference in the number of parameters between the more general and less general 
model. For example, there are (2k + s + 2)—4= 2k +s—2 degrees of freedom for do1,02, and (4k + 2s — 2) — (2k + 8 + 2) 
= 2k + s— 4 degrees of freedom for Aoz,:. 

The material presented in Section 3.9 is new to the literature; there are no other similar references. 
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Mean Life Span 


No mean life span statistics are computed by program BROWNIE. Anderson (1975) gives a formula for MLS of 
young and applies it to mallard data. Again the formula is derived by assuming constant instantaneous mortality 
for adults and young, but the two age classes have different rates. It is assumed a bird is “young” for the 1 year 
from time of banding until the first banding anniversary. Hence 


O<t<1 


_{P? 
py =|" ,l<t 


with 
S'=e-", 
S=e-?. 
Making these substitutions in formula /A1) gives, for young, a MLS formula analogous to that developed for adults: 


1 ‘ S' Ss’ 
—in(S') -—én(S) éin(S')~ 





E/T) = f' (tp'e \ jdt + fi(tpe-” + pide = 


Chapters 4, 5 and 7 


All the material in Chapters 4 and 7, and the test of male vs. female parameters of Chapter 5, is developed in 
Brownie (1973). There is no other reference for any of this material. The interested reader who comprehends the 
material of Chapters 2 and 3 should have no tr uble understanding the mathematical background of Models H,, 
H, and H, ‘Chapter 4 of this handbook) and M-dels H; and H, (Chapter 7) from Brownie (1973). 

The material of Chapter 5 is largely nes. 2-d only the test of adult males vs. adult females appears in Brownie 
(1973). The other tests (males vs. females for young and adults, and extension of both these “sex” tests to r areas) 
were developed explicitly for this handbook. Consequently, the relevant derivations are sketched in Section 5.3. 
There are no other references dealing with these tests. 


Chapters 8 and 9 


The materials of Chapters 8 and 9 were also developed entirely in the course of this handbook; consequently, 
there are no references elaborating on any of this material with the one exception of Section 8.6. In recognition 
of this, the authors have given enough of the background for mathematical statisticians to understand these 
sections. Specifically, this is true of Sections 8.2, 8.3, 9.3, and 9.4. While there is no particular mathematical back- 
ground to Section 8.4, the interested reader should refer to Anderson and Burnham (1976) for more elaboration 
on the proper interpretation of sampling correlations. 

Section 8.6 deals with making direct tests of the equality of survival rates (the same sort of tests can be made 
for equality of recovery rates). The basic concepts are quite familiar to statisticians in terms of “contrasts” in the 
context of general |inear hypothesis theory (cf. Seber 1966:29). 

From the general theory of maximuin likelihood estimation we have the parameter estimator vector @ is asymp- 
totically distributed as a multivariate normal random variable. Moreover we have an estimator, ¥ of the dispersion 
matrix of §. Consequently for any vector of constants c, we have c’ 6 =4 is asymptotically normal with mean c’@=6, 
and variance estimator 


vari) =¢’ Ye : 
A test of the null hypothesis H,: c'é = 4,, is thus derived from 
_ £b-% 
Ve'ke | 


where under this null hypothesis z is asymptotically normal (0,1). Both two-sided and one-sided alternatives 
can be tested. 

For testing equality of annual survival rates, as from Model 1, we have 6'=(S,,... , 8; _ ,), the elements of ¥ are 
easily obtained from the computer printout, and the specific hypothesis of interest will dictate the constants c. 
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For example, if k— 1=7, and we know the first 3 years were ones of restrictive hunting while the last 4 were liberal 
regulation years, we might test the null hypothesis of equal average survival rates in these two groups of years: 
Si+S.+S;_S,+8,+S5+S; 
ore 4 





Hence 
= (1/3, 1/3, 1/3, — 1/4, — 1/4, — 1/4, — 1/4). 


Such tests can be used in all the models and across data sets as well as within data sets. For example, if 5; and 
Sn are estimated average male and female survival rates, respectively, from the same population over the same 
period of years, then to test Hy: S,=S,, vs. H,: 5;<S, we use 


a (S,,-S) 
\) variS,) + var(S)) 








and reject H, if z exceeds 1.645, for a 5% level test. When the estimators derive from different data sets, which 
they would in the above example, they are uncorrelated; hence, no covariance terms enter. 

The only reference to this type of test for equality of survival rates using banding data is Brownie and Robson 
(1974b); their paper deals mainly with the optimality and power of these tests under Model 1. 
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Appendix B: Some General Methodology Underlying Analysis 
Methods Presented 


All of the statistical theory applied to the various models presented here is standard (i.e., Maximum Likelihood 
estimation, likelihood ratio tests, chi-square goodness of fit tests). There are, however, a few general points of 
methodology that we wish to point out to the reader interested in the statistical theory behind these applications. 
These points concern primarily derivation of estimators and their sampling variances. 

As was stated in Section 1.5, all models presented here are products of multinomial distributions. Moreover, all 
14 models are in the exponential family of probability distributions. Two distinct situations arise with respect to 
estimation: the full-rank case and the less-than-full-rank case. In the full-rank case the dimensionality of the 
minimal sufficient statistic (MSS) is the same as that of the parameter space. The alternative is a parameter 
space of lower dimensionality than the MSS; in this case closed-form estimators usually do not exist. In the 
full-rank case there is a very useful shortcut to deriving both point estimators and their large sample variance 
covariance matrix (i.e., the inverse of the information matrix). 


The Full-rank Case 


Point Estimation 


Models M,, M, and H, through H, of this handbook are full rank. For these models the ML estimators may be 
derived by equating the observed MSS to its (vector valued) expectation and solving for the unknown parameters. 
By an appropriate choice of an MSS, this approach can achieve great simplicity over the “usual” approach of 
deriving and solving the likelihood equations (the partial derivatives of the log-likelihood). This procedure is 
proven by Davidson and Solomon (1974). 

Symbolically, if Z,,...Z, is the MSS from an exponential family with expectations E(Z, =g)(@), where 
6=@;,...,0,)", then the ML estimator is that value 6 which satisfies 


Z,= 86) i= 1)... 7. 


For all the applicable (full-rank) models of this handbook both the MSS and its expeciation are relatively easy 
to find. For example, for the case of adults only, under Model M, (see Appendix A and Section 2.2), with k=/, a 
MSS is {R,,...,Re,C,...,Cy- 1}. Its dimensionality is 2k —- 1. The parameter space is {f,,...,fi,Si,...,Se—1}. 

In terms of previously used notation we have 


E(R)) =Ni |fi+Sifi.i+--°+S8S,. ve Se fi} = Nip, 
E/C,) = NS, -- +S) fi+ NeS.- +S) - ifir---+Nifi=éfi. 


One could equate R, and C, to their expectations and solve for the ML estimators. A little cleverness will, however, 


make matters easier to the point of being simple. Note that given the above MSS we can compute the quantities 
T,..-, 4k because T; = R,, and 


T= T\-1-Ci-1 +R; ,i=2,... 2. 


Thus, not only do the ML estimators satisfy R;=E(R,)=Nip,, and C;=E/(C,) = fi, but they also must satisfy 
T| = E(T;,). With minimum difficulty we can find 


E(T)) = €ipi : 


Now, using this “method of expectation,” we can quickly find 
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Then noting that p,=/+S.p,., ,i=1,...,.4-—1, we can solve for S. 
: R, C, (Re. 
S-Nl-n) Noy 


This approach is much easier than attempting to determine the 2k—1 likelihood equations by brute force 
partial differentiation of the Model M, log-likelihood function. Admittedly it takes some trial and error to find the 
simplest MSS to use, but once the reader develops a familiarity with the full-rank models presented here, there 
should be no great difficulty deriving the ML estimators. 

Because of the obvious importance of the point estimators, we will give a second example using the two-age-class 
model H, with k=-. The elements of the MSS are (see Section 3.1) R,, R., Q,, Q., Q, as well as derived values 
T,+U,-@Q, . Relevant expectations are 


E(/R,)=Nop, 
ER) =&f 
E/Q, ) = Mf; + Sip...) ,i=1,...k-1 
EQ) =E f+ Mf 
E/Q,,) = Mf 
Ei T, + U,— Q,) =&.p. + & p 


It is also useful to define W,=R,+Q,-—Q,,, then 








EW) =é.f +&/f. 
Using these various equations, it is not difficult to derive, by the method of expectation, the ML estimators: 

” Q,, 

f= M, ° 
. R, W, 

t= (aoe) : 

“yy qa -Q,, N, +1 

§) = —— (—— 

M. (F +1 

42% (A= =o) 1 

' ON, T,+U,-Q, R,., 


This approach to deriving the ML estimators in the full-rank models is much easier than the standard approach 
of solving the likelihood equations (which are even hard to write down due to their complexity). It does require 
determining the MSS icf. Kendall and Stuart 1961, Vol. 2: 193-195) and then for ease of solution some examination 
of alternative versions of the MSS is recommended. 

Variance Estimation 


Under Maximum Likelihood theory one usually derives the (asymptotic) variance-covariance matrix as the 
inverse of the Fisher information matrix. However, direct computation of that matrix requires computing mixed 
second partial derivatives of the log-likelihood function. Clearly this is not feasible if first partials are not even 
available. Seber (1970) and Brownie (1973) used the ilternative Taylor series approach (or delta method —cf. 
Seber 1973). In the somewhat general terms used above, let the estimator be derived from the equations 


Z=E(Z) = g@), 
where Z =(Z,,....Z,/' and g(4)=(g(0),... g-(0))'. Assuming a unique solution then we can write 


4 =g "\Z) 


and the asymptotic variance-covariance matrix of 6 is given by 
V@)=AYA' 


where ¥ is the r by r variance covariance matrix of Z and 


” woe e-o@! 
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Because this method produces an asymptotically valid result, one would think it ought to be the same as, or similar 
to, the variance-covariance matrix of § generated as the inverse of the information matrix. In fact, V/@) computed 
this way is identical to the inverse of the information matrix in this full-rank exponential family case (we do not 
know of a published proof of this, but we have such proof on file). It follows that not only are ML estimators given 
in this handbook, but their variances and covariances are identical to what would be derived by the information 
matrix approacii. 


Bias of estimators 


Given closed-form formula for parameter estimators, it was possible to evaluate their expectations, hence bias. 
For example, under Model M, the ML estimator of S, is biased: 


vas-of (6-2) 
-{B(5;)- E/f)| E(e) 
= Sip. E(>~) : 


a f is unbiased). 
Note that p, . =B(E ‘). hence we can write 


E(S,) =S.EVR, . JE a —)>s | 


Strictly speaking E(1/R, . ,) is infinite, so we interpreted it as the conditional expectation given A, . , greater than 
zero. Because R, . , is binomial (N, . ;, p . ,) it is easy to investigate the bias of S,. We did #0 and found relative bias 
wiil run around 1% to 5% for many realistic values of N, . , and p, . ,. Moreover, asymptotically the bias is of order 
1/N,. ,. Specifically, in the limit as N; . ,;—> = 


n, .«(=¢ a” -1)}+/ (=). 


A simple modification of the ML estimator produces what we wn an essentia!ly unbiased estimator: 
8-1-5) (Ra 
N, +1 


E/S,)=S,[1-(l-p. err). 


It is seen the bias of S, decreases exponentially; hence, it will be zero for all practical purposes for samples of 
banded birds that are large enough to merit analysis (N, > 300). It is for this reason we say S, is essentially unbiased. 

The same approach was used to derive essentially unbiased estimators of survival rates (and recovery rates for 
some models) for the other full-rank models. For example, under Model H, 


g-% (ASS a - -W, #1 
'N\ T4Ui-Q “y » +1" 


§ - (2 5”) el 


sot #1 


The exact expectation of S, is 








The Less-than-full-rank Case 


Four of the 14 models presented here are not full-rank: M,, Mz, Hw, Ho, (the first two are for adults, the second two 
for bandings of adults and young). For these models the ML estimators do not exist in closed form; rather they 
must be found by numerical procedures. Programs ESTIMATE and BROWNIE find these estimators by the method 
of scoring (cf. Rao 1965:302; Kale 1962). An outline of the method of scoring is given below. 
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Let the likelihood function be //@), where @=(6,, ..,@)" is the vector-valued parameter. The likelihood equa- 
tions are 





ain s(@) i-1 i 
2 ' mes 


ae = 
The information matrix is /(@) with elements 
lan = B| - Fins(@) 


30.38. Am=1,...,r. 


Let g/@) = (g.(@),....@-0/)', and let 6 be an initial guess at the ML estimator 6. The method of scoring is the itera- 
tive procedure defined by 


6.:=6+1-"b)g) —,i=0,1,2,.... 


Under suitable conditions (as shown by Kale 1962) the sequence 6, converges to the ML estimator of 9. 

In practice one uses some stopping rule, generally based on convergence of the 6. If the initial “estimate” is 
good, the number of iterations will be few. For use in ESTIMATE and BROWNIE, the initial estimates of param- 
eters were obtained from an appropriate full-rank model. For example Model M,, for & = /, has parameters, /,,... ./. 
and S. From Model M,, closed-form estimates exist of the parameters /,,....f, and S,,...,S; . ,. The only difference 
between the two models is that M, has year-specific survival rates while M, has a constant yearly survival. Initial 
estimates to start the iteration to find ML estimates under M,; are /,,... ,{, from Model M, and 


where each S, derives from M,. Similarly, for the two-age-class models H»;, Hor, the initial estimators are derived 
from the closed-form formulae of Model H,. Because these give excellent starting values, convergence typically 
requires only 3-5 iterations. In fact we had no convergence problems, except with absolutely horrible data sets 
(i.e., those with almost no rec.weries). 

Both point estimation ard variance-covariance matrix estimation are taken care of simultaneously by this 
iterative method because I - '/@) is also computed. When convergence occurs, one has both the ML estimator 6 
and the inverse of the informaticn matrix available. 

We leave it to the interested reader to pursue the subject in more depth, for instance by computing the likelihood 
equations and information matrix under some or all of the models M;, M:, He: and Hg). 
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EFFECT OF DELAYED REPORTING OF BAND 
RECOVERIES ON SURVIVAL ESTIMATES 


By Davin R. Anperson anno Kennetu P. Burnnam 


Brownie et al. (U.S. Fish and Wildl. Serv., Resource Publ. 131, 1978) 
presented 14 models based on an array of explicit assumptions for the 
study of survival in avian populations. These methods are replacing the 
life table methods previously used to estimate survival rates (e.g., Burn- 
ham and Anderson, J. Wildl. Manage., 43: 356-366, 1979). The new 
methods allow survival or recovery rates, or both, to be constant, time- 
specific, or time- and age-specific. 

In stuches to estimate survival rates for birds the data are often from 
recoveries of birds shot or found dead during the hunting season and 
reported to the Bird Banding Laboratory by sportsmen, conservation 
agency employees, or the general public. This note examines the bias 
in estimating annual survival due to a proportion of the recoveries being 
incorrectly reported a year late. Specifically, a few recoveries cach year 
of, for example, adult male American Widgeon (Anas americana) banded 
in California are reported as being recovered in year i + | when in fact 
they were actually recovered the previous year i. Delayed reporting 
might typically be caused by people finding a band in their heavy cloth- 
ing in the fall of the vear and, being embarrassed about their failure to 
report the band when it was taken, report it a year late not mentioning 
the actual year of recovery. Heuristically, delayed reporting should bias 
estimated annual survival rates upwards because « appears from the 
data that the birds corresponding to the “delayed” recoveries actually 
lived an additional vear. 


METHODS 


Results here are based on Seber's (Biometrika, 57: 313-318, 1970) 
model (see Model | in Brownie et al., op. cit.) but with allowance for 
delayed reporting of a proportion q of the recoveries each year. 


Let = a ad ote mg that a band ts reported im vear i given that 
rd also was shot im vear i 
q = rp ~ p = the probabilay that report of the band ts delaved 


one vear. 


We assume all recoveries are ether reported in year i (as all the models 
of Brownie et al., op. cit., assume) or one year later. That is, we assume 

people do not wait 2,3... ., ¢ years before reporting a band recovered 
in year |. In this study we allow p to have the values 0.95, 0.98, and 
0.99 because these seem to represent realistic values (5%, 2%, and 1% 
rate of delayed reporting). Of course, if p = 1.0 no delayed reporting 
exists. 

The magnitude of the bias will be influenced by the true survival rates 
and possibly, the true recovery rates. Therefore, we computed the the- 
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(b) proportion (1 — p) of the hands are reported to the Bird Banding Laboratory one 
vear late. 
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oretical bias for three values of annual survival rate (S, = 0.35, 0.60, and 
0.85) and four values of recovery rate (0.01, 0.03, 0.06, 0.10). We ex- 
amined the bias assuming banding was done over a 10-year period. In 
all, we examined 36 sets of expected recoveries generated from Table 
Ib: <hree survival rate values x four recovery rate values * three rates 
of delayed reporting = 36. 

We computed the expected value of the estimator §,, E(S), for each 
of the 36 “data” sets using the adjusted maximum likelihood estimator 
for Model | (sce Brownie et al... op. cit., p. 16). Because the estimator of S, 
under Model | is unbiased assuming no delayed reporting, we can assess 


the bias of the estimator due to delayed reporting by ing data 
under the model structure shown in Table Ib. In ition, we made 
analyses under Models 0, 2 and 3 and intend to these results 


ively (see Brownie et al., Ss ca. for details on these models). 
wo definitions are required for 


Bias = ES) - 
Percent relative bias (PRB) = )- » x 100. 
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RESULTS 


We found, as might be expected, that the bias in the estimator of 
annual survival rate is independent of the number of birds banded. 
Furthermore, bias is not strongly affected by variation in recovery rates. 
Therefore, our results are much more general than the specific exam- 


The relative bias (PRB) of the estimated average annual sur- 
vival rate, S for each of the 36 cases is presented in Table 2. The bias 
is little affected by differing recovery rates. For survival rates of 60 and 
85 as the PRB is less than 2.5 percent (e.g., if S = 0.60, then 2.5 
PRB corresponds to E(5) = 0.615) and is essentially negligible compared 
to the magnitude of the standard error commonly found in analyzing 
real data. The PRB was substantial only for survival rates of 35 percent 
where p = 0.95 (hence for low values of S and high values of q) ranging 
from 6.60 to 7.31 percent. Stull, the size of the standard error is generally 
larger than this in most banding studies. 

The PRB varied somewhat for the individual annual survival rates. 
Typically, the first and last estimates of annual survival were slightly 
more biased (¢.g., years | and 9 in this study) than the estimates in the 
middle years of the study (e.g., years 3-7). This variation was slight and 
the estimates of PRB shown in Table 2 are indicative of what to expect 
for PRB on individual years. 

The goodness of fit test for Model | (or Models 2 or 3) presented by 
Brownie et al. (op. cit.) will detect delayed reporting if it ts substantial 
or if the sample size is large, or both. Of special interest is the fact that 
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the tests of Model | vs. Model 0 (see Brownie et al., op. cit.) are 
sensitive to delayed reporting. This ts indeed fortunate. If re- 
porting of recoveries ts serious,-the tests should indicate that Model 0 
is appropriate and this model is less biased with respect to delayed re- 
porting. The PRB for Model 0 ranged from - 1.51 to 1.25 percent with 
most of the 36 cases studied having a slight negative bias. Of course, it 
is important to recall the fact that Model | is lathe biased by delayed 
reporting. In addition, we found Models 2 and 3 were also robust to 
delayed reporting. 

A final remark concerns the direction of the bias. Except for Model 
0 which ts nearly unbiased, the other models have estimators that are 
slightly positively biased because of delayed reporting. In contrast, Nel- 
son et al. (. Field Ornithol., 51: 30-38, 1980) show that these same estimat- 
ors were slightly negatively biased due to band loss. In nearly all sets of 
banding data we can expect some band loss and some delaved reporting 
of recove: ies. Although we certainly cannot claim the two biases will 
cancel each other, it ts at least satisfying that they do not magnify the 
overall bias. 


CONCLUSION 


The estimators of annual survival under Models 0, 1, 2 and 3 (Brownie 
et al., >= cit.) are generally robust to delayed reporting of band recov- 
real data were analyzed under one of these models, the bias 
y omy to delayed reporting could probably be expected to be nearly neg- 
ligible, especially considering the magnitude of the standard error of 
the estimates of annual or average annual survival. If banded — 
are large and the proportion of recoveries reported a year late is 
then the tests should indicate that Model 0 is appropriate. This 
is nearly unbiased with respect to problems in ed reporting of 
recoveries. Finally, the direction of the bias in an survival rate es- 
timates is positive for most models due to delayed reporting and neg- 
ative due to band loss. 
Utah Cooperative Wildlife Research Unit, Utah Stat» University, UMC 52, 
Logan UT 84322, and US. Fish and Wildlife Service, VELUT, Drake Creeh- 
ude Bildg., 2625 Redwing Road, Ft. Collins, OO 80526. Received 8 Novem- 
ber 1979, accepted 10 March 1980. 











TESTS OF THE ASSUMPTIONS 
UNDERLYING LIFE TABLE METHODS 
FOR ESTIMATING PARAMETERS 
FROM COHORT DATA' 


David R. Anderson,’ Alice P. Wywialowski,? and 
Kenneth P_ Burnham‘ 


Since the late 1940's. life table methods have been 
used to estimate annual. age-specific mortality rates 
trom tagged or banded anima! populations Deter- 
ministic methods in the form of a dynamic or com- 
by Belirose and Chase (1950) and Hickey (1952). and 
discussed by Geis and Tabor (1963). Seber (1971) 
used the same basic model, formulated it in the prop- 
e; stochastic framework, and provided closed form 
estimators of the survival parameters based on ap- 
prcximations to the maximum likelihood (ML) esti- 
mators. Cormack (1970) found the ML estimates trom 
the same stochastic model by numerical methods, 
Recently. North and Morgan (1979) proposed an ex- 
tension of the same model by allowing the age-spe- 
cific annual mortality rate to be a function of weather 
(.e. they recognized time-dependent variation) Se- 
ber (1972, 1981) and Eberhardt (1972) provided fur- 
ther information on this basic model and its assump- 
tions Finally. we note that these same assumptions 
are often applied to capture-recapture data. which 
can then be ana'yzed by exactly these same life table 
methods applied to the final capture only (see. eg. 
Mardekian and McDonaid 1981) 

Given this long-used mode! (: e . the assumptions). 
there are a wide variety of ways to atiempt to estimate 
its parameters However we question the fundamen- 
tal assumptions that the mode! rests upon in the gen- 
eral context here. there are two assumptvons of pri- 
mary concern 


1) Annual survival is assumed to be age specific 
only. hence independent of year. 

2) The reporting rate A is assumed to be 2 constant 
over ail ages and years 
These assumptions are very resinctrve and have 

been shown io be false for hunted waterfow! (Burn- 


‘am and Anderson 1979). Furthermore, it can be ar- 
Qued that a mode! allowing each age to have a dif- 
ferent survival is not parsimonious. Our objective here 
is to assess the validity of these assumptions for bird 
species that are not hunted. 


for birds of age /, 

number of birds banded in year ij, / = 1,2 

—— 

number of banded birds recovered in year 

j trom birds banded in year i, i = 1, 2. 
wa peiied,..., i, 


A = band reporting rate 


ized as follows. 








Number recovered in yee’ Total 
banded 1 2 3 x | recovered 
N, R,, Ry Ry Aa. Ay A, 
N, Ry Ry, Re ti R, 
N, a 7 


Additional information on the theoretical basis for 
modeling banding data 1s Contained in Brownie et al 
(1978) 

The mode! and its assumptions are expressed by 
the following expectations for the number of recov- 
eries reported 1.2. _. / yr afer being banded as 
young im year ; 


NA 1-S,)A. N/S(1-S,)A. N/S,SA1-S,)A. 
NS,S,... S).A1-S))a 


These expectations are Obvious when one considers 
that for a bird to be recovered the Ist yr. it must die. 
its body be recovered. and its band be reported in 
that year For a bird to be recovered in the 2nd yr 
after banding it must survive the ‘st yr. dre during the 














NOTES AND COMMENTS 


2nd yr, and its body be recovered and its band re- 
ported, and so on (Cormack 1970:24). it is important 
to note the assumption that the reporting rate A is 
constant for all years regardless of the age of the bird. 

lf we define f, =(1 — S,)A then the expectations 
Can be written more succinctly: 


Nif,, NiSife. NiSSofy. . --, N;,S,S2 .. . Sy_she. 


In this form, Anderson and Burnham (1976:54-59) 
show that f,/(1 — S;) must be constant for all ages, /. 
Tests of these assumptions constitute the subject of 
the paper. 


Methods 


We used the general goodness-of-fit test of Burn- 
ham and Anderson (1979:359-360), denoted as Test 
1 here, to assess the overall assumptions of the meth- 
oc. Often the expectations for j > i will be very small. 
If the expectations are <2, the chi-square approxi- 
mation is of doubtful validity. Therefore, it becomes 
necessary to pool expected values within a row, and 
corresponding data, if E{A,;) is <2. This results in a 
valid test, but loses 1 df for each pooled A, value 
(Brownie et al. 1978:20). 

For the assumption that the ist-yr recovery rates 
are constant, i.e., are age dependent only, hence not 
varying by year, we used the test of Burnham and 
Anderson (1979:360), denoted here as Test 2. 

Selection of data for testing model assumptions.—- 
We wished to analyze 20-40 data sets from unhunted 
species in an effort to assess the assumptions of the 
life table methods. After considerable effort, we could 
find only 10 data sets for critical evaluation. We 
searched Bird-Banding, Bird Study, and North Amer- 
ican Bird Bander on the following key words: band- 
ing, band recovery, dynamics, life tables, mortality, 
populations, and survival. We sent ‘etters to ornithol- 
ogists and avian ecologists, scanned the Literature 
Cited sections of certain papers, and contacted many 
banders in an attempt to obtain more data sets for 
study. Table 1 provides detailed information on each 
data set. 


Results 


The results of the overall goodness-of-fit test (Test 
1) of the 10 data sets to the life table model are pre- 
sented in Table 1. For seven cases the significance 
levels range from .0000 to .0004 and provide strong 
evidence to reject the assumptions of the model ex- 
cept for the three sets of gull data. Significance levels 
for the three gull data sets ranged from 2546 to 8553, 
indicating u good fit. 

The significance levels resulting from the appli- 
cation of Test 2 (Table 1) indicate a strong rejection 
of the null hypothesis that the 1st-yr recovery rates 
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are independent of year for Great Blue Herons, Her- 
ring Gulls (New Brunswick), Brown Pelicans, White- 
Crowned Sparrows, and Chimney Swifts (significance 
levels varied from .0000 to .0007). Results of this test 
for Black-Crowned Night Herons and Grey Herons are 
significant at about the .05 level (.0610 and .0531, 
respectively). Only in Herring Gulls (Massachusetts), 
Dominican Gulls, and Great Horned Owls do the 1st- 
yr recovery rates appear to satisfy this assumption of 
the life table model. Overall, eight of the 10 data sets 
Clearly do not fit the life table model; Herring Gulls 
(Massachusetts) and Dominican Gulls represent the 
exceptions. 

Valid inferences must generally stem from a model 
employing valid assumptions, or, at least, the infer- 
ences must be robust, in practical terms, when cer- 
tain underlying assumptions are violated. From the 
results presented here and those in Burnham and An- 
derson (1979) there is now conclusive evidence that 
the assumptions of the life table method are rarely 
met for bird banding data. Furthermore, the esti- 
mators of model parameters are quite sensitive to the 
failure of model assumpticns (i.e., the estimators of 
survival are not robust to failure of assumptions). Fur- 
ther development and derivation of alternative esti- 
mation methods based on this model and its restric- 
tive assumptions seem pointless, primarily because 
A appears to be time specific and age specific (for 
at least the first or second age classes). 


Discussion 


It is important to note that the tests used to assess 
the structure and assumptions of the model are 
not dependent upon how the model parameters might 
be estimated. In fact, no parameters are estimated in 
doing the testing. The most severe problem concerns 
the reporting rate (A) which is assumed to be a con- 
stant regardiess of ihe age of the birc and the year 
in which it died. From the results of Test 2, A clearly 
varies by year in most cases. Furthermore, because 
the spatial distribution of recoveries differs by age 
(e.g., young birds tend to be recovered nearer the 
banding site than adults), it seems likely that A is also 
age specific. Finally, young birds are generally re- 
covered eerlier in time (in any given year) inan adults. 

Estimators of annual survival rate are substantially 
biased if A is year and age specific. For example, 
E(M,) = M, (A*/A), where A* and A are the reporting 
rates for young and adult birds, respectively. For this 
reason alone, most mortality rates published in the 
literature are overestimated. Essentially, the age-spe- 
cific variation in the reporting rate manifests itself as 
an overestimate of mortality rate because the as- 
sumption that A is constant over all ages and years 
iS Not met. 
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TABLE 1. Results of tests of goodness of fit to the assumptions of the life table methods for 10 unhunted species of birds 
banded as young Test 1 examined the overall assumptions of the method and Test 2 the assumption that !st-yr recovery 


rates are dependent on age only and not on year. 

















Test = Test 2 
signifi- — signifi- 
Total Total cance cance 
Species (reference) Banding area Banding years k* banded recoveries level level 
Biack-Crowned Night Heron North America 1946-1965 20 13471 287 0000 0610 
(Henny 1972) 
Great Biue Heron North America 1946-1965 20 5330 246 0000 0072 
(Henny 1972) 
Grey Heron Great Britain 1955-1974 20 4955 757 0000 0531 
(Mead et al. 1979) and treland 
Herring Gull Massachusetts 1967-1969 3 23066 499 8553 9256 
(Kadlec 1975) 
Herring Gull New Brunswick 1934-1939 6 31694 1095 2729 0004 
(Paynter 1966) 
Dominican Gull New Zealand 1960-1965 6 7051 388 2456 6219 
(Fordham 1970) 
Great Horned Ow! North America 1951-1965 15 1896 163 0001 5920 
(Henny 1972) 
Brown Pelican North and 1959-1965 7 6465 278 0004 0001 
(Henny 1972) South Carolina 
tWhite-Crowned Sparrow California 1973-1978 6 1568 648 0001 0000 
(L. Mewaldt, persona! 
communication) 
+tChimney Swift Tennessee 1946-1958 13 73047 2997 0000 0000 
(Henny 1972) 
* Number of years of banding. 
+ Recaptures. 


While it is becoming more clear that A is age and 
year specific, it seems likely that the annual survival 
rate is also year specific. Certainly, there is year-spe- 
cific variation in survival rate among many exploited 
species. Worth and Morgan (1979) found that annual 
survival might be a function of weather and hence. 
exhibits year-specific variation 

Substantial bias in parameter estimates is probably 
the most undesirable result of using a model based 
on invalid assumptions. Another probiem with the life 
table method is that sampling variation is underesti- 
mated. This is because additional parameters are 
needed to account for the real variability in observed 
data. The life table mode! has too few parameters 
and, therefore, the sampling variance of the survival 
rate is underestimated. This leads to confidence in- 
tervals that have less than the nominal coverage and 
tests of hypotheses that are greater than a-level tests. 
The combination of substantial bias and underesti- 
mates of sampli:i;j variance result in a highly precise, 
incorrect answer. 

Testing of assumptions has been largely neglected 
in ihe analysis of data from bird banding studies and, 
in fact, from animal tagging studies in general. If the 
numbers banded each year are not available, then 


tests will have almost no power. Even if large num- 
bers are banded, but the ,ecovery rate is very low, 
the tests will have limited power because so few data 
are available for evaluation. This may be the reason, 
in part, for failure to reject the assumptions for some 
of these data sets with few years of recovery data. 


Conclusions 


A variety of schemes has been proposed over the 
past three decades to estimate age-specific survival 
or mortality rates. A great many of these “life table 
methods” are based on the same modei. This model 
assumes that annual survival varies only by age of 
the bird, and not by year. A second assumption is 
that the reporting rate is constant over all ages and 
years. These restrictive assiunptions are not valid for 
most bird banding studies. This prevents valid infer- 
ences from being made using analysis of the sample 
data and, therefore, we recommend against the con- 
tinued use of this approach. 
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PROBLEMS IN ESTIMATING AGE-SPECIFIC SURVIVAL 
RATES FROM RECOVERY DATA OF BIRDS 
RINGED AS YOUNG 


By D. R. ANDERSON,* K. P. BURNHAM? anp G. C. WHITEt 


*Utah Cooperative Wildlife Research Unit, Department of Fisheries and Wildlife, 
Utah State University UMC 52, Logan, Utah 84322, U.S.A., tU.S. Fish and Wildlife 
Service, WELUT, 2672 Redwing Road, Ft. Collins, Colorada 80526, U.S.A. and 
tLos Almos National Laboratory, Environmental Sciences LS-6 MS K495, Los Almos, 
New Mexico 87545, U.S.A. 


SUMMARY 


(1) The life table model is frequently employed in the analysis of ringed samples of 
young in bird populations. The basic model is biologically unrealistic and of little use in 
making inferences concerning age-specific survival probabilities. 

(2) This model rests on a number of restrictive assumptions, the failure of which causes 
serious biases. Several important assumptions are not met with real data and the estimators 
of age-specific survival are not robust enough to these failures. 

(3) Five major problems in the use of the life table method are reviewed. Examples are 
provided to illustrate several of the problems involved in using this method in making 
inferences about survival rates and its age-specific nature. 

(4) We conclude that this is an invalid procedure and it should not be used. 
Furthermore. ringing studies involving only young birds are pointless as regards survival 
estimation because no valid method exists for estimating age-specific or time-specific 
survival rates from such data. 

(5) In our view, inferences about age-specific survival rates are possible only if both 
young and adult (or young, subadult and adult) age classes are ringed each year for k years 
(k > 2). 


INTRODUCTION 


Analysis methods for estimating age-specific survival rates from the ringing of young birds 
have generally been based on a single underlying model, or special case of this model. Our 
objective is to review this model that we will call the life table model, its assumptions, 
approaches to estimation of the model’s unknown parameters and problems in making 
inference concerning age-specific survival rates. Our work was motivated, to some extent. 
by the recent paper by Lakhani & Newton (1983). 


Basic model and notation 
The following notation is required: 


k = number of years of ringing. 
/ = numbers of years during which ring recoveries are recorded, k < /. 
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+ Present address: Dr K. P. Burnham, Department of Statistics, North Carolina State University, Raleigh, 
North Carolina 27650, U.S.A. 

+ Dr G. C. White. Department of Fishery and Wildlife Biology. Colorado State University, Fort Collins. 
Colorado 80523. U.S.A. 
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TABLE |. Ringing and recovery data for young birds ringed over k years and 





recovered over / years (/ > k) 
Ringing Number 
year ringed ies (R,,) in year j 
i N, : 2 eS oe oe 8 
l N, Ry, Ry Ry Ry Ry, 
2 N 22 R,, Ry pz) 
3 N, 33 Ry Ry 
k N, R,, R,, 


¢, = annual survival rate (probability) for birds of age i, 

M, = | — @, = annual mortality rate (probability) for birds of age i, 

N, = number of young birds ringed in year i, i= 1, 2,.....k 

R,, = number of ringed birds recovered in year j from birds ringed 4s young in year i, i = 1, 
Deco ehSS £2.08 

A =reporting rate (probability); sometimes used a3 a subscripted variable to indicate 
age-specific or time-specific parameters. 

Ringing recovery data, the vector N, and the matrix R,, are shown in Table |. The 
expectations, under the life table model, as functions of the un).nown parameters of interest, 
are found in Table 2. 


Assumptions 

Several assumptions are necessary in making inference from the life table model: 

(1) The ringed sample is representative of the population of interest, 

(2) There is no loss of rings, 

(3) Survival rates nre not affected by ringing, 

(4) The year of recovery for those ringed birds recovered is correctly tabulated, 

(5) The fate of each ringed bird is independent of the fate of other ringed birds, 

(6) Annual survival @, is age-specific only, independent of year, 

(7) The reporting rate A is a constant over all age classes and years, and 

(8) Every ringed bird experiences homogeneous rate parameters ¢, and A (i.e. no 
population subgroups having heterogeneous parameters. 

Assumptions |. 2, 3, 4, 5 and 8 are not testable without additional data other than the N, 
and R,,. Statistical tests of assumptions 6 and 7 are possible using only the ringing data. 
However, if the general goodness-of-fit test shows lack of fit, it may not be clear which 
particular assumptions are rejected. Although assumptions 2, 6, and 7 are critical ones 
under this model. they are not especially critical with certain other models for the analysis 
of ringing data (e.g.. Model H, in Brownie ef al. 1978). 


Estimation of parameters 


Early attempts to derive estimators of the unknown parameters include Lack (1943), 
Franer (1945), Bellrose & Chase (1950), Hickey (1952), Haldane (1955), and Balham & 
Miers (1959). Of these, only Haldane explored optimal estimation, using maximum 
likelihood theory. He studied the special case of the life table model where ¢, = @, =... = 
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Taste 2. The life table model for the recovery of ringed birds banded as young (/ > 4) 


Expected number of ring returns in year / from ringing in year (* 
3 nee k 2ee 


I 2 
NAl- 6,)4 Neil —o- N,0,0A1 ~ yA sad N00, oo © (loa wedi N66, ‘es 
NAL O)A  NO(1~ OM NO, AIO Me NOH 
NAL-~@0M + Nee, --- & Ale A ss NOAA, 
NAl - 6) - NOO 


. 4, Al-—@pa 
6 Al-@ A 
6 Al-~@ 
6 Jl-@, aoe 


* All subscripts relate to the age of the bird: the parameters / and 6, are assumed to be independent of year. 
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6, = ¢. His estimators allowed the R,, matrix to be truncated; i.e., before some recoveries 
in later years were reported. Eberhardt (1972), Caughley (1977), and Seber (1972, 1982) 
provide details of these early methods. 

Maximum likelihood methods for the general model (Table 2) were not fully considered 
until the work of Cormack (1970) and Seber (1971): also see North & Cormack (1981). 


State-of-the-science estimation 


Computer algorithms developed by Lebreton (1977) and White (1983) represent optimal 
estimation from this model and are flexible numerical procedures. Both computer programs 
require at least one constraint to allow identifiability of the unknown parameters (see 
Anderson & Burnham 1976, Brownie ef ail. 1978; Burnham & Anderson 1979: Seber 
1971, 1972, 1982). Lakhani & Newton (1983) show that the imposition of such an 
identifiability constraint can produce substantial bias even when the true parameters 
deviate only slightly from the constraint. Both algorithms use maximum likelihood theory 
for estimaticn and testing of a sequence of models for arbitrary k and / without bias due to 
truncation. The sequence is illustrated in Table 3, depending on the constraints. 

Log-likelihood ratio tests and goodness-of-fit tests are provided to allow an appropriate 
model to be used in making inference from a particular data set (Lebreton 1977: White 
1983). These methods and their associated computer algorithms should replace all previous 
estimation methods for the life table model (however, in the unusual case where / + x, 
closed form estimators and tests can be derived—see Botkin & Miller 1974; Seber 1972), 
but Lakhani & Newton (1983) have demonstrated that the resulting estimates are liable to 
be untrustworthy. 


PROBLEMS 


Although the underlying stochastic model is well defined, cf. Seber (1971), and optimal 
estimation algorithms have been developed (subject to an identifiability constraint), the life 
table model is a very poor basis for the analysis of ringing data. Support for this appears 
in the following sections. 
Rey orting rate not a constant 

Estimates of 0, are critically dependent on the assumption that the reporting rate / is 
constant over all years and age classes. The reporting rate A is the product of the 
probability of finding a ringed dead bird times the probability of reporting it. The latter 
probability is unlikely to be age- or year-specific. However. the probability of finding a 


Taste 3. 
Number of 

Model Constraint(s) parameters 
FulliTable 2) 6 ,- @, / 
Reduced 6, ; 6, i 6, /- | 
Reduced 0, " 6, ; 6, i 6, ! 2 
Reduced Og Meee ®@ /.3 
Null Allé<¢@ 2 (i.e.. @ and A) 
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ringed dead bird is likely to be a function of the cause of death. geographic location of the 
bird, and the time of the year. This can be easily shown by mapping and tabulating the 
spatial and temporal distribution of recoveries for the two age groups. young and adult (or 
young. subadult. and adult classes) (see Hopper, Funk & Anderson 1978). Biologically, we 
might expect A to vary by age for. at least. young r. adults. Young birds often die duc to 
differem causes of mortality. at different times of the year. and in different geographical 
locations than adults. These basic concepts can be formulated as hypotheses and routinely 
and statistically tested. Typically. the reporting rate of young birds A, is higher than adult 
birds A. 
The approximate expection of the estimators of age-independent survival (where ¢, = @ 
for all ages) when the reporting rate is age-specific for 2 years (A, and /,) is 
Mi, 
MA, + 0A, 


(see example la in Table 4). If survival is age-specific for three age classes (i.e.. young. 
subadult. and adult. 6,. 6, and @,. respectively). and reporting rate also varies for these 
three ages classes (/,. A, and A,. respectively). the following - 9proximations are useful: 


Eié)* 1- 








E(é,) = 1- . 
MA, + OMA, + 60A 
M.A, 
E(é,) - l —_ A; . 
MA, + OA 


The expectations indicate a serious problem with the life table method. Implicitly, the 
model assumes that the same proportion of ringed birds are found and reported. regardless 


Taste 4. Examples illustrating the approximate age-specific bias in life table 
estimates of survival when reporting rate 1s also age specific 
Reporting rate Survival rate 
Example Quantity A, A; A, A, 6, 6. 6 @, 6. 6, 
la Parameter 012 006 00 00 06 0-6 06 0-6 0-6 0-6 


Estemate* 00% -- — 041 OS8 OS OSE OSK OSB 
PRBt 28 43 —N 3 3 -3 ~3 3 

ib Parameter 0-015 0-008 0-008 0-008 0-46 0-6 0-6 0-6 0-6 0-6 
Estemate 0013; — — -- 043 Of O53 O53 O53 O53 
PRB -13 38 ~28 +7 12 -12 ~12 -12 

2a Parameter 0-10 O06 O05 O05 046 0.7 085 O8S O85 06-85 
Estumate 00% — — — 044 9669 O87 O87 O87 0-87 
PRB 24 27 $2 ~27 1 +2 +2 +2 +2 

2 Parameer 0-010 0-006 0.005 0005 046 0.7 085 O85 O85 0-85 
Estumate oo — _ 042 O64 O83 O83 O88} 06-83 
PRB ~20 33 60 »” 9 2 ~2 -2 -2 

3 Parameter 018 O19 O28 O28 O53 O37 O8F O68 O47 O46! 
Estumate 7 — — _ 042 O89 O6F O63 O80 061 
PRB 6 -12 ~32 41 21 +60 +3 +3 +28 0 

4 Parameter 028 O29 OM OM O64 049 079 O77 O77 O79 
Estimate 277 — _ _ 044 080% O73 O73 O73 O73 
PRB 4 -7 13 HN +12 x 8 -8 ff 

* Approximate expected value of the estimator. 


t Per cent relative bias. (£16) — @/¢) « 100. 
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of the number or the provortion that die in a given year. Furthermore, this proportion is the 
same for all years j = 1, 2, .... L This is a very restrictive assumption if viewed on 
biological grounds. The estimators are particularly sensitive to large bias if {1 varies by age 
(a violation of assumption 7, an assumption which is biologically unlikely). The expressions 
above allow the magnitude of the bias in ¢ to be approximated as functions of age-specific 
reporting rates. 

We developed a statistical test of the null hypothesis that A was independent of year in 
Burnham & Anderson (1979). This test is useful for data sets where few recoveries are 
available. The test-statistic is distributed as chi square with kK — | degrees of freedom under 
the null hypothesis that ¢,/ is constant. 


ye Ra NOP 
— N,R(N — R) 


where N is the total number banded (N = N, + ... + N,) and R is the total number of 
first-year recoveries (R = R,, + R,, + ... + Ry). For better data sets, additional tests are 
useful. An extensive analysis of forty-five sets of data on ringed waterfowl rejected this 
hyvothesis in all but six cases (P < 0-05). In a similar analysis of ten unhunted species we 
found rejection of the hypothesis in five cases (Andersor. Wywialowski & Burnham 1981). 

In general, it seems that the reporting rate is usua’ y age- and time-specific. This is a 
violation of the assumptions of the life table model and the estimates are quite sensitive to 
the failure of this assuniption (also see Brownie ef al. 1978). 


Xi, 





Constraints 


It was not until Seber (1971) that it was realized that the parameters in the life table 
model could not be uniquely estimated without at least one constraint on the parameters. 
The full model has / + | parameters, but only / unique data cells; thus, a fundamental 
problem is lack of identifiability. This problem is alleviated only if / » & or if (/ — &) 
> potential longevity, which is unusual. In examining the older literature, we find the 
constraint ¢, = 0 was used often implicitly (Burnham & Anderson 1979). This constraint 
caused a significant age-specific bias in the estimators of survival. 

Seber (1971) suggested the constraint 6, , = ¢, This is a minimum to gain identifiability 
of the unknown parameters. However, Lakhani & Newton (1983) found that such 
constraints, while seemingly biologically reasonable, could have a marked effect on the 
estimates of ¢, even if A is constant. They conclude, for this reason alone, “.. . all hitherto 
published estimates of age-specific survival are liable to be untrustworthy, if they are based 
solely on recoveries of dead birds.” Additional contraints to reduce the number of 
parameters, such as ¢, , = ¢, , = ¢,. affected the estimates of the remaining parameters. 

The necessity of a constraint has not always been recognized. Recently, Piper (1978) 
derived an estimation scheme for ¢, (i = age) and A, (j = year). The ¢, are ML estimates 
found iteratively (under the assumption that A is a constant over all years and ages) and the 
A, are found analytically (see Piper, Mundy & Ledger 1981). The @, and A, are impossible to 
estimate uniquely and we warn against the use of Piper's (1978) method. 


Fit of model to data 
A general goodness-of-fit test was derived by Burnham & Anderson (1979) and allows 
an assessment of the model using the data. The test can be computed without any 
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constraints on the parameters and without even the need to estimate the parameters. It is a 
test of model fit. errespective of the parameter estimation method. Burnham & Anderson 
(1979) found this model was rejected in forty three out of forty-five sets of waterfowl data. 
In fact. the two data sets not rejected had the fewest and fourth fewest recoveries: 
therefore. probably indicating a lack of power in the test due to small sample size. A similar 
lack of fit was found in non-hunted bird species by Anderson. Wywialowski & Burnham 
(1981) where seven out of ten data sets were rejected. It is interesting to note that the 
remaining three were represented by ringing in only 3—6 years. hence the tests may have 
low power. 

We tested the recovery data from Cape Vultures (Gups coprotheres) ringed as nestlings 
(sce Piper. Mundy & Ledger 1981) to determine if the first-year recovery rate (R,,/N,) of 
young birds was constant over all years. This hypothesis was rejected (y’ ~ 71, df. = 23. 
P ~ 0.0). In fact. one can sce from the basic data that the first-year recovery rate tends to 
increase during the years of study. This is a serious violation of the assumptions of the life 
table model. Piper's (1978) method is incorrect in that the year-specific reporting rates are 
not unigucly identifiable (see Seber 1971: Anderson & Burnhar 1976: Burnham & 
Anderson 1979). We must conclude that real ringing data rarely fit the life table model. 


Sampling correlations 

Regardless of the specific constraint used to allow identifiability or reduce the number of 
parameters to estimate. the parameter estimators can be very highly correlated. For 
example. the case given by Lakham & Newton (1983) has sampling correlation coefficients 
between the estimators of parameters of 0-97 or more. When there are such very high 
sampling correlations between all the estimated parameters under a given constraint. a 
small change in the constraint will result in a direct change in all estimated parameters. 
Thus. different constraints can be expected to have a marked effect on the estimates from a 
given data set. In fact. we believe that the presence of such very high sampling correlations 
1s indicative that the parameter estimates will be very sensitive to the imposed constraint. 

lt is very difficuk to make inference about age-specific sw vival processes when the 
estimators are almost perfectly correlated. Lakhani & Newton (1983) also note problems 
with the estimated standard errors of the estimetes in that they give a “... totally false 
sense of accuracy and reliability ...~ The danger here is that one tends to get highly 
precise estimates that are very biased: Le... a precise wrong answer. 


Ring loss 

The effect of ring loss on estimates of survival is serious for the life table model because 
it allows survival only to be age specific. @, and ring loss rates are seriously confounded and 
produce a strong age specific negative bias in estimates of survival (see Ludwig 1967; 
Botkin & Miller 1974 for reviews). Nelson. Anderson & Burnham (1980) provide an 
example of this problem whereby an artificial population was analysed with each @, = 0-6. 
Using the composite dynamic estemation method for the life table model (Hickey 1952) they 
computed estimates of survival as 0-56, 0-54, 0-52, 0-48, 0-42, 0-36, 0-25, 0, and O for 
@,. 0. . . « @ fespectively. This example was similar to the data on Larus delawarensis 
given by Ludwig (1967) in his study of ring loss. Ring loss cannot be detected by 
goodness of fit tests because ring loss and mortal.y of ringed birds are confounded. 
Because of the importance of ring loss and the negative bias im estimates of survival with 
the life table model. we suspect much of the published lterature presents untrustworthy 
estimates of survival of bird populations. In addition. populations inferred to have 
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age-specific survival beyond about 3 or 4 years may be only losing their rings im later years. 

Ring loss is a practical problem that causes large bias in estimators of survival in some 
models (such as the life table model) while causing p-g..~ble bias in other models (c.g. 
Models 1. 0. H, and H, of Brownie et al. 1978). 





EXAMPLES 


Six examples (Tabie 4) illustrate the approximate bias in estimating @, using the life table 
model when the reporting rate is age-specific. Expected values were calculated for each 
example. rounded to the nearest integer. treated as data. and then analysed using prog:am 
surviv (White 1983). The first four examples use V, = 3000, k = 6, and / = 15. Examples 
la and Ib allow all 6, = @ and let the reporting rate be age-specific for young (/,) and 
adults (A, = A, » A, = A). Examples 2a and 2b allow age-specific survival for young ¢.. 
subadults ¢, and adults 0, = 0, = 6, = @, = @ while allowing similar 2ge-specificity im the 
reporting rate /,. A,. and A,. Examples la v. 1b and 2a v. 2b differ only in the magnitude c* 
the reporting rates (sce Table 4). Data for Example 3 and the final example were taken 
from Brownie ef al. (1978). 

Examples 3 and 4 allow the parameters to vary for two and three age classes, 
respectively. Both allow year specific variation (another realism not allowed under the life 
table model). We used reasonable parameter values for many bird populations to illustrate 
the severe. age specific bias in estimates from the life table model. The best model im the 
sequence was selected using the likelihood ratio tests provided by program suRviv. 

The information in Table 4 shows that if the reporting rate varies by age. a substantial 
negative bias is introduced in ¢@,. Other estimators of survival are less effected, but 
frequently reflect negative bias. The mean life span (MLS) is estimated from the estimated 
survival estimates. The MLS for Experiment i is 1-96 years. however. the estimate. 
computed from the life table estimates of age-specific survival. is only 1-41 years. If ringing 
of young took place in a remote location where 1ings were not found or reported. we might 
expect A, < A, and then a significant positive bias would be expected in ¢,. 

In is interesting to note that if the reporting rate ts age-specific. a violation of the life table 
model. estimates of 4 may be only moderately biased. but will result in much larger biases 
in 6,. This shows that the estimates of @, are very sensitive to age-specific reporting rates. 


DISCUSSION 


The critical underlying assumptions of the life table model are | (ye estimators of 
model parameters are sensitive to these assumption failures. th. .«  « mference about 
the survival rates of ringed bird populations or thei age-specific dyna.ics. is impossible. 
The foremost problem arises from the fact that 4 varies substantially by age (¢.¢.. young v. 
adults) as this leads to large bias in the estimator for ¢,. Even if the key assumptions are 
met for a particular data set. additional difficulties arise with even optimal estimation 
methods (¢.g.. sensitivity of the survival estimates to arbitrary constraints and possibly high 
sampling correlations among the estimators of 6, and A). Finally. ring loss is confounded 
with mortality giving increasing age specific bias in the survival estimators. This is critical, 
especially for long lived species. 

Lakhani & Newton (1983) detail some of the major problems with the life table mode! 
They were concerned mainly with the possible effects of constraints. if other model 
assumptions could be presumed reasonable. The model is even more biologically 
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unreasonabk and statistically inept than Lakhani & Newton (1983) document and +c 
bekeve a 1s not possible to draw valid inferences from a. We feel & ts very unlikely than an 
accurate and pre~se estimate of 4 (or rather 1,) or 6, could be obtained via independent 
informauon. For cxample. 6, using Cormack’s (1964) method. as they mention. is likely to 
be fairly imprecise. The likely usefulness of 1, or 6, from independent sources diminishes 
further m cxamples. such as Lakhani & Newton (1983) give. where the clements in the 
sampling correlation matrm all exceed 0-97. This is because with such high sampling 
correlations. the remaiming parameters are strongly influenced by the externally 
estimated parameter any bias or imprecision of thal estimate carries over to the other 
parameter estimates. Use of the life table model is likely only to introduce greater 
statistical problems of estematiam 2nd inference with the life table model may have led to 
the conclusions forwarded by Butkiny & Miller (1974). 

The life table method 1s unacceztaie for the analysis of ringing studies of young birds. It 
is musleading. untrustworthy and gives a false sense of precision (Lakhani & Newton 
1983). We cannot recommend its use. We agree with Brownie ef of. (1978) that.“ . . based 
on our current knowledge. there 1s no valid way to estimate age specific survival rates from 
only the banding of young.~ 

The probable solution to problems of estumation and testing 1s to mng both young and 
aduk (or young. subadult. and adult) age classes cach year for 4 » 2 years. This allows a 
host of models to be considered that are superior to the life table (sce Brownie ef al. 1978 
for twelve models allowing year specific. age specific. or year and age specific survival and 
reporting parameters). 
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THE COMPOSITE DYNAMIC METHOD AS EVIDENCE FOR 
AGE-SPECIFIC WATERFOWL MORTALITY 


KENNETH P. BURNHAM. US. Fish and Wildlife Service. Fort Collins. CO 80521 


Abstract: For the past 25 years estimation of mortality rates for waterfowl! has been based almost entirely 
on the compcsite dynamic life table. We examined the specific assumptions for this method and derived 
a valid goodness of fit test. We performed this test on 45 data sets representing a cross section of banded 
samples for various waterfowl species, geographic areas, banding periods, and age/sex classes. We found 
that: (1) the composite dynamic method was rejected (P < 0.001) in 37 of the 45 data sets (in fact, 29 were 
rejected at P < 0.00001) and (2) recovery and harvest rates are year-specific (a critical violation of the 
necessary assumptions). We conclude that the restrictive assumptions required for the composite dynamic 
method to produce valid estimates of mortality rates are not met in waterfowi data. Also we demonstrate 
that even when the required assumptions are met, the method produces very biased estimates of age- 
specific mortality rates. We believe the composite dynamic method should not be used in the analysis of 
waterfow' banding data. Furthermore, the composite dynamic method does not provide valid evidence 


for age-specific mortality rates in waterfowl. 
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The composite dynamic (CD) life table 
has been the primary method used to es- 
timate annuzl mortality rates of water- 
fowl populations for the past 25 years. 
Early descriptions and use of the method 
are found in Bellrose and Chase (1950) 
and Hickey (1952). The model underlying 
this estimation method, the properties of 
the method, and explicit computing for- 
mulas are usually not specified clearly 
(see Geis and Tabor 1963; Geis 1972a,b). 
Nevertheless, use of the method has 
been widespread (e.g., Moisan et al. 
1967; Geis et al. 1971) and not at all re- 
stricted to waterfowl. Anderson and 
Burnham (1976), Eberhardt (1972), and 
Seber (1972, 1973) present recent mate- 
rial on the validity and usefulness of the 
method. 

Three crucial assumptions are neces- 
sary for the composite dynamic method 
to be valid: (1) annual mortality rate (M,) 
varies only by the age (i) of the bird, no 
time-specific variation of the M, is al- 
lowed; (2) annual recovery rate is a con- 
stant fraction of annual mortality rate; 
and (3) virtually none of the banded birds 
remains alive when the data are analyzed 
(Geis 1972a: 16). 


A variety of implications follow from 
these assumptions, perhaps the most im- 
portant one is that no year to year (time- 
specific) variation in either harvest rates, 
or band reporting rates is allowed. These 
2 implicit assumptions are generally rec- 
ognized as untrue (e.g., Anderson 1975; 
Henny and Burnham 1976). Assumption 
(3) means the recovery data from a band- 
ing study cannot be validly analyzed with 
the CD method for many years after 
banding has stopped. We believe that 
few biologists recognize the assumptions 
implicit in the method nor the degree to 
which the estimators of M,; may be sen- 
sitive to departures from these important 
assumptions. 

In addition to these specific assump- 
tions needed for the CD method, a num- 
ber of general assumptions are necessary 
for meaningful analysis of banding data 
under any model (Brownie et al. 1978:6- 
7). In particular there must be no band 
loss. Band loss is indistinguishable from 
age-specific mortality, and is especially 
serious under the CD method of analysis. 

A large scientific literature on various 
species of birds contains the results from 
a CD analysis of band recovery data. It 
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has focused on 3 main areas: (1) the es- 
timation of Ist-year mortality rate (M,) 
from birds banded as young and estima- 
tion of average annual mortality rate from 
birds banded as adults (i.e., for adults, M, 
is interpreted as an average); (2) studying 
age-specificity of the mortality process; 
i.e., estimating M,, Mz, Ms, cee and (3) 
studying the effect of hunting on total an- 
nual mortality rates. We wish to address 
the Ist and 2nd of these as the 3rd 
has already been discussed by Anderson 
and Burnham (1976). 

It is surprising that no one has reported 
results of any statistical tests of the as- 
sumptions required for the CD method 
to perform validly. Recently, Hickey 
(1972:264) believed, “. . . it seems partic- 
ularly necessary that the basic assump- 
tions underlying these calculations be 
subjected to an adequate review.” That 
is our purpose here. The 4 objectives of 
this paper are: (1) to present the specific 
assumptions and model necessary for the 
CD method to be valid; (2) to present 2 
statistical tests of these assumptions: (a) 
a goodness of fit test of the CD model to 
data, and (b) a test that recovery rates are 
year-independent; (3) to judge the valid- 
ity of the CD model by analyzing a cross 
section of waterfowl! data; and (4) to re- 
flect on the CD method as evidence for 
age-specific mortality in waterfowl. 


STATISTICAL CONSIDERATIONS 
Assumptions and Model 

To specify clearly the assumptiens and 
the model underlying the CD method, 
and the method itself, we must present 
some mathematical background. First, 
we introduce our basic notation; for a 
more detailed discussion of some of these 
terms and basic background on analysis 
of recovery data see Anderson (1975), An- 
derson and Burnham (1976), and Brown- 
ie et al. (1978): 
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k = Number of years of banding, 
1 =Number of years during which 
recoveries are recorded, | = k, 
S,;= 1-—M,= Annual survival rate 
(probability) for birds of age i, 
M, = 1—-S,= Annual mortality rate 
(probability) for birds of age i, 


f, = Annual band recovery rate (proba- 
bility) for birds of age i, 

N, = Number of birds banded in year 
af ae | 


R, = Number of birds recovered in year 
j from birds banded in year i, i = 
1,....kj=1,...,1, 

R,. = Total number of band recoveries 
from the ith banded cohort (i.e., 
birds banded in vear i) 

= Ry, 


i= 
D; = All recoveries of bands exactly i 
years after banding (corresponds 
toi years of age for birds banded 
as young) i=1,...,l, and 
TN, = Total number of banded birds 
that could have contributed to the 
recoveries Dj exactly i years after 
bending (often called “banded 
birds available” in year i), i= 
ar | 


The above 2 quantities are computed 

from the Ry and N,, respectively. In the 

case of k =1 they are (for i = 1,..., k) 
k-i+1 


D;, = 2, Ry js4-1 ’ 
™N “ “FN 
( 2, re 
For example, for i = 1, TN, = N, +N, + 
‘++ +N, and D’', =R,, + Ra +°** + Rex, 
while for i=k, TN, =N, and D, = 
Ry. The mathematical definitions of D’; 
and TN, for | >k are complex and will 
not be given here. For the general com- 
puting formulas of D’; and TN, see An- 
derson and Burnham (1976:55). 
Finally we define 
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D, = D;/TN, = the proportion of recover- 
ies of all birds aged i, i= 1,..., 1. 

In the wildlife literature, the CD meth- 
od is often presented only as a sequence 
of calculations based on the tabulated 
banding and recovery data. The formula 
representing these computations for es- 
timating the mortality rate of birds in 


their ith year of life is: 
M, = D,/(D, + Dis, +++ + Dy) 
i=],...,4-lL (D 


Seber (1972) has given a formalization of 
this method and some of its properties 
(also see Seber 1971). Our use o* the no- 
tation D',; and D, is the reverse of Seber’s 
use of this same notation. 

Given the estimator of formula (1), we 
specify the exact model necessary for this 
to produce valid estimates of age-specific 
mortality rates. It is beyond the scope of 
this paper to present all the needed back- 
ground material on modeling band recov- 
ery data (see Brownie et al. 1978). Only 
key results will be given. 

The CD procedure is meant to apply 
only in cases of age-specific survival and 
recovery rates. Therefore the general 
model structure in terms of expected 
band recoveries is 


Nf, i=] 
E(Ry) = | NS,S,...S)afae, i> 1. 
To complete the statistical model for 
the recoveries Ry, we note that the re- 
coveries from each banded cohort are 
multinomial random variables. Thus giv- 
en N, birds banded in year i, we have Ry, 
Riis, sees Ry, N, = R,. are multinomial 
random variables with expectations giv- 
en by (2). Note that: 


(2) 


E(R,.) = E(Ry) + E(Ry 444) ++ ** + E(R,y). 


Recognition of this multinomial model as 
the correct sampling model for the data 


allows rigorous consideration of estima- 
tion of parameters and tests of the as- 
sumptions (see Brownie et al. 1978). 

We mention that a special case of the 
CD model is that of assuming constant 
recovery and survival rates; that is f, = f 
and S, = §S for all i. 

From formula (2) we derive: 


(s 1 
S,S,...Sf i>. 


A fundamental property of estimators 
is that they should be consistent; that is 
for large samples their expected value 
converges to the true parameter value 
(this is related to unbiasedness). Based 
on formulas (1) and (3) and the require- 
ment of consistency, Anderson and Burn- 
ham (1976:54-55) showed that the CD 
method is valid only if the ratio f,/M, is 
constant for all i. Thus we must assume 


that: 


E(D,) = (3) 


Tt) (4) 
for some constant a. This is a very restric- 
tive assumption, and unless it is tested 
there is no reason to believe it is true for 
waterfowl (Anderson and Burnham 
1976:55-56). Finally, the CD estimator of 
the parameter a is 


Gd = D, + Dy +-+++D,. 


Estimation 


The CD estimation method was devel- 
oped long before the complete statistical 
model given above was formalized. The 
question of optimal inference under the 
CD assumptions has never been consid- 
ered in the literature, nor have sampling 
variances been developed for M, of for- 
mula (1). In fact the estimator of (1) can 
be improved upon in several ways; e.g., 


standard maximum likelihood theory. 
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Identifiability of parameters is an im- 
portant subject, albeit a quite technical 
one (cf. Brownie et al. 1978:112). A key 
result in this regard is Seber’s (1971) 
proof that the parameters M,, Mz, . .. , M; 
and a of the CD model are not even 
uniquely identifiable. The basic problem 
is that given any set of banding data or 
expected recoveries, numerous different 
sets of parameters under the CD model 
could generate exactly these same data. 
For example, let k = 1 = 3; the following 
parameters will produce exactly the same 
expected values, E(Ry), for any numbers 
banded N,: : 


a =0.1, S, = 0.4, S, = 0.5, 
S, = 0.4 
and 
a = 0.2, S, = 0.8, S, = 0.8125, 
11.2 
S, = » he 0.86154. 


In order to estimate the parameters of 
the CD model at least 1 constraint must 
be imposed. The types of constraint al- 
lowable are to either (1) arbitarily specify 
1 (or more) mortality rate(s), or (2) set 2 
or more mortality rates equal. Seber 
(1971) assumed M,_, = M, and derived 
estimators which differ from those of the 
CD method. A thorough statistical treat- 
ment of this model will require sequen- 
tial testing for differences in age-specific 
mortality rates. Thus one would adopt 
constraints such as M,; = M,,, = «+: = M, 
and test the adequacy of the model for 
increasing values of j. 

The CD method employs the first ap- 
proach; arbitrarily specifying that M, = 1. 
This implicit constraint is unrealistic. It 
also implies that all products such as 
S,S,.,... S, are are zero, and this implies 
the usually stated condition required for 
validity of the CD estimators. 

Using formula (3) we can show the es- 
timator M, is consistent for the parameter 
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This means that the expected value of M, 
is approximately M,*, with the approxi- 
mation getting better for large samples of 
banded birds. Another way to say this is 
that M, is a biased estimator (it overesti- 
mates M,) unless the product SS;.; eee S; 
is zero. This will be true only if ! is much 
larger than i, i.e., one does not analyze 
the data until several years after the last 
cohort is banded (cf. Seber 1972). Two 
facts are apparent: (1) the bias in M, is 
due to the implicit constraint M, = 1, and 
(2) if a realistic constraint such as M,_, = 

M, were used, the statistical bias would 


vanish as sample size increases. 


Goodness of Fit Test 


Let E(R,) be an (asymptotically effi- 
cient) estimator of the expected value of 
the random variable Ry under the as- 
sumptions of the CD method. Then the 
general goodness of fit test for this model 
is simply the classical chi-square test 
based on (observed — expected)*/expect- 
ed. Symbolically the test statistic is: 

_[ & ¢ (Ru - LRP 
ol DP hee 


© IR. - B(RDP 
. {3 NER: (© 


The Ist term is based on the recoveries, 
while the 2nd term accounts for those 
bands that were never recovered. The 
quantity E(R,) is computed as 


E(R,) = ¥ E(Ry). 
jut 


Under the null hypothesis that the CD 
model fits the data this test statistic has 
a chi-square distribution with 





i=1,...,l-1. 





kik +0) 


5 +kil-k+I)-l 
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degrees of freedom. Often the expecta- 
tions for } much greater than i will be 
very small. If they are less than 2, the chi- 
square approximation is of doubtful va- 
lidity. Therefore, it becomes necessary to 
pool expected values within a row, and 
corresponding data, if E(Ry) is less than 
2. This results in a valid test, but loses 
1 degree of freedom for each pooled 
Ry, value. 

Usually the values of E(Ry) are found 
by substituting estimated parameter val- 
ues in the formula for E(Ry) (formula 2); 
in so doing we use f, = 4M,. Using the 
CD estimators of these parameters (and 
the constraint M, = 1) leads to the simple 
formulas: 


E(Ry) =N,D,4., i=1,...,k 
Sf a f 
For example, 


E(Ry) = NJ, = NGM, = ND,. 


We note that E(R,) is estimable with- 
out constraints needed to allow identifi- 
ability of the parameters. Therefore, the 
goodness of fit test (5) is not dependent 
upon hew the parameters are estimated. 
In fact, this test can be computed without 
estimating any parameters by computing 
the conditional expectation of Ry given 
the statistics D,,..., D, (many of the 
goodness of fit tests in Brownie et al. 
(1978) were constructed following this 
procedure). It can be shown that: 

E(Ry|D,, ..+,D)= N,Dyass ’ 
and mathematically a valid goodness of 
fit test results from using E&(R,) = 
E(Ry|D,, .. . , D,). The validity of this test 
is unaffected by truncation; i.e., it is valid 
for all values of k and 1. 

This goodness of fit test provides a val- 
id test of the 2 assumptions critical to the 
CD model (the M, are age-specific only, 


and f, = aM,). If the test indicates that the 
model does not fit we are saying } or both 
of these assumptions is false. Therefore, 
the method cannot be used in the analy- 
sis of data and the estimates cf parame- 
ters are not useful. 

A more specific test can be used to as- 
sess the assumption that Ist-year recov- 
ery rates are constant, i.e., are age-depen- 
dent only, hence not varying with time. 
Unde: the assumptions of the CD meth- 
od we must have E(Ry) = N,f, or the ra- 
tios Ry/N, have a constant expectation, in- 
dependent of the year (i) of banding. A 
simple k by 2 chi-square contingency ta- 
ble test of this assumption can be written 


pong cel 


& 
x = (N.) > RN, 


where R.. = total lst-year recoveries and 
N. = total number banded = TN,. This 
test has k — 1 degrees of freedom. If this 
test rejects the null hypothesis of constant 
first-year recovery rate then the CD model 
is invalid. This is because of time varia- 
tion in the lst-year recovery rates as would 
result if harvest rates vary over time. 


SELECTION OF WATERFOWL 
DATA 


An objective of this paper is to assess 
the validity of the CD model for water- 
fowl banding data in general (excepting 
geese and swans). Thus we want to test 
the null hypothesis that the CD model 
generally fits waterfowl data, versus it 
does not generally fit such data. This is 
not the same as testing whether the mod- 
el fits a given set of data. To meet this 
more general objective a proper scientific 
approach is to select a representative 
sample of all banded waterfowl popula- 
tions and conduct the tests of assump- 
tions on these data sets. The inference is 


(6) 
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then not just that the model does or does 
not fit these given data sets but that it 
does or does not fit waterfowl banding 
data in general. 
- To meet this objective we started with 
a large tabulation of most of the duck 
banding data in Canada and the United 
States from 1955 to 1972. Then we estab- 
lished criteria for selecting data sets. The 
2 primary criteria were that the data sets 
selected be representative of (banded) 
waterfowl! populations and that the band- 
ed samples be large enough to yield a 
reliable test of the assumptions. 

To be representative of waterfowl 
banding we sought to cover a variety of 
geographic areas, ages, sexes, species, 
and banding periods (i.e., preseason vs. 
winter). Before selecting these data sets 
we established some criterion for a 
“good” data set; by “good” we mean suf- 
ficient numbers of birds banded and of 
recoveries to yield a meaningful test of 
the CD method assuriptions. Our target 
goals for each data set were to have at 
least 5 years of banding (k 2 5), an aver- 
age number banded per year of at least 
300, and an average Ist-year recovery 
rate of at least 3%. In general we met 
these criteria, however, occasionally we 
used k = 4 and for some data sets average 
recovery rate was lower than 3% (but in 
these cases annual numbers banded were 
in the thousands). 

Using these guidelines we selected 45 
data sets relating to 9 species from the 
large tabulation. We emphasize that the 
tabulation showed only raw data and had 
never been analyzed by us. Thus we 
made our selection of data sets before 
ever knowing the outcome of the tests of 
assumptions. Once these 45 data sets 
were selected, we used all of them; there 
was no subsequent deletion or addition 
of data sets after the analyses. Thirty-four 
data sets were from preseason banding 
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(8 adu't and 26 young data sets) and 11 
sets were from winter banding (all 
adults). Table 1 provides detailed infor- 
mation on each data set. 


RESULTS 


Year-specific Recovery Rates 

The CD model allows recovery rates to 
be age-specific only, and these rates must 
be directly proportional to the age-spe- 
cific mortality rates. However, waterfowl 
hunting regulations in North America 
have fluctuated greatly over the past 25 
years (Martin and Carney 1977). It seems 
logical that recovery rates do vary by 
year—a Violation of a necessary condition 
of the CD method (Anderson and Burn- 
ham 1976: 13). 

We tested the null hypothesis that Ist- 
year recovery rates are constant across 
years using (6); the results appear in Ta- 
ble 1. The test results indicate a sound 
rejection of the null hypothesis. We con- 
clude that recovery rates in ducks vary 
significantly by years, a major violation of 
the CD model assumptions. The idea that 
year-specific variation is “averaged out” 
by combining data over a number of 
years in a “composite” is not correct. For 
example, this procedure produces severe 
overestimates of age-specific mortality 
rates and severe underestimates of their 
sampling variances. In other words, a 
highly precise, incorrect estimate is pz0- 


Goodness of Fit Test of the 
CD Method 


Valid inferences must stem from a 
model employing valid assumptions. We 
tested the assumptions necessary for the 
CD method to be valid using the simple 
goodness of fit test (formula 5; Table 2). 
Information in Table 2 provides conclu- 
sive evidence that the assumptions of the 
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Table 1 Results of the test that !st-year recovery rates are constant across years for 45 sets of waterfowl banding data 
in North Amenca 








Preseason Mallard Montana Adult é 1959-69 11 12,1065 #1512 0.00189 
Saskatchewan Adultéd 1961-72 12 21015 2236 0.00000 
Minnesota Adu 2 1959-72 4 10949 #£«1077 0.00000 
Wisconsin Adukt 2 1961-72 12 £16803 1,682 0.00000 
Minnesota Young 6 1961-72 12 19645 3014 0.00000 
New York Young ¢d 1960-72 13 13466 2.150 0.00000 








New York Young 2 1960-72 13 13,221 1837 0.00000 

Ontario Young 2 1965-72 8 16417 2002 0.00019 

Saskatchewan Young? 1955-72 18 2.198 2770 0.00000 

Preseason Blue-winged lowa Young 6 1963-72 10 15,510 910 0.00000 
teal Manitoba Young 6 1962-72 11 17,115 691 0.000302 

Minnesota Young ¢ 1963-71 9 £10458 468 0.09759 

Ontario Young 6 1963-72 10 ~~ 11,765 523 0.00106 

lowa Young 2? 1963-72 10 13,928 47 0.00000 

Manitoba Young 2 1962-72 11 15,723 686 0.00270 

Minnesota Young ? 1963-71 9 9,683 520 0.00063 

Ontario Young 2? 1963-72 10 10,977 583 0.00295 

Preseason  Pintail California Adult é 1955-72 18 “4788 3356 0.00000 
Saskatchewan <Adult¢éd 1955-58 4 22279 1403 0.00000 

California Young ¢ 1955-58 4 154065 1940 00/758 

Alberta Young 2 1965-71 7 415 O41V4 

California Young 2? 1955-568 4 10216 1015 094003 

Saskatchewan Young? 1964-71 8 9.245 44 «640 0668 

Preseason Wood duck Wisconsin Aduktt é 1962-72 ii 8,126 818 0.0004) 
Illinois Young 6 1962-72 11 11.690 1.081 0.00375 

lowa Young 6 1962-72 11 9.442 1.026 0.00000 

Wisconsin Young ¢ 1960-70 11 9.197 §=6.1,067 §=6—0.00000 

Illinois Young 2 1962-72 11 10,335 716 «630.00410 

lowa Young ? 1962-72 Ili 8,661 855 0.00000 

Wisconsin Young 2 1960-70 11 TOE 816 0.00000 

Preseason Lesserscaup Alaska Adut 6 1990-66 7 135 1012 0.00002 
Winter Mallard Ilinots Aduk 6 1963-72 10 27,601 2905 0.00000 
Nebraska Adut é 1965-72 8 15.272 1562 0.00002 

Illinois Adutt 2 1963-72 10 12911 787 000723 

Nebraska Adukt 2 1965-72 8&8 7 B80 322 405086 

Winter Green-winged California Aduktt é 1955-70 16 3 13,731 919 0.00006 

teal 

Winter Pintail California Adukt 6 1955-72 18 27,727 2265 0.00001 
Califorma Aduktt 2 1957-72 16 ~~ 17,747 764 001416 

Winter Redhead New York Aduktt é 1955-72 13 20549 #4«&+1,.776 0.00000 
New York Aduh 2 1963-72 10 4,629 371 «660.0014 

Winter Canvashback New York Aduhtt é 1955-50 5 6,123 808 §6060.00000 
Winter Wigeon California Adutt é 1955-68 4 16902 L754 0.30970 

TOTALS 685,079 62.869 
"Number of veer of bending 
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Table 2 Results of goodness of fit test for the composite dynammc mode! and modern methods applied . > 45 sets of 











waterlow!-banding data in North Amenca. 
Composite 
mode | Mudern methads* 
_ ha a i — ii — allie — 

Preseason Mallard Montana Adult ¢ 1959-69 000006 05983 #| 
Saskatchewan Adult ¢ 1961-72 000000 018843 #1 

Minnesota Adult ? 1959-72 000000 000425 | 

Wisconsin Adult ? 1961-72 000000 0.006% 1 
Minnesota Young 6 1961-72 000000 0.17011 © 

New York Young é 1960-72 0.00000 000636 0 

Ontario Young é 1965-72 000027 007432 0 

Saskatchewan Young ¢ 1955-72 0.00000 000631 0 

Minnesota Young 2 1961-72 000000 0.13044 0 

New York Young 2 1960-72 0.00000 028056 0 

Ontario Young 2 1965-72 0.00270 058030 0 

Sakatchewan Young 2 1955-72 0.00000 085574 0 

Preseason Blue-w inged lowa Young 1963-72 000000 040978 0 
teal Manitoba Young 6 1962-72 090015 O0O953 0 

Minnesota Young 1963-71 005430 054376 0 

Ontario Young 6 1963-71 0.00042 001402 0 

lowa Young 2 1963-72 0.00000 023395 0 

Manitoba Young 2 1962-72 0.00000 063155 0 

Minnesota Young 2 1963-71 0.00050) «€660.06369 «(0 

Ontario Young 2 1963-72 001422 027058 0 

Preseason Pintail California Adult 3 1955-72 000000 00000 0 
Saskatchewan Adult 6 1955-58 000000 0.72319 #1 

California Young é 1955-58 000000 000590 0 

Alberta Young 2 1965-71 0.00889 «€=6tO01171 =O 

California Young 2 1955-58 001128 000677 0 

Saskatchewan Young 2 1964-71 003752 030592 0 

Preseason Wood duck Wisconsin Adult 6 1962-72 000000 09605 0 
Illinois Young 6 1962-72 000000 0.06970 0 

lowa Young 6 1962-72 000001 094273 0O 

Wisconsin Young 6 1960-70 000000 042157 0 

Illinois Young 2 1962-72 000014 022382 0 

lowa Young 2 1962-72 000000 03500 0 

Wisconsin Young 2 1960-70 0.00000 0020084 90 

Preseason Lesser scaup Alaska Adult ¢ 1960-66 0.00000 0.00064 l 
Winter Mallard Illinois Adult ¢ 1963-72 000000 0.42132 l 
Nebraska Adult 6 1965-72 000001 0.28064 l 

Illinois Adult ? 1943-72 000023 0.28552 | 

Nebraska Adult ? 1965-72 0.68993 0.61217 l 

Winter Green-winged —_ California Adult 6 1955-70 000000 033859 #1 

teal 

Winter Pintail California Adult ¢ 1955-72 000000 0.04601 l 
California Adult 2 1957-72 000000 002080 | 

Winter Redhead New York Adult 6 1955-72 000000 0017086 | 
New York Adult 2 1963-72 000489 064865 #1 

Winter Canvasback New York Adult ¢ 1955-59 0.00000 0.52254 l 
Winter Wigeon California Adult ¢ 1955-68 000051 0.11472 0 





* See Browne et al (1978) 
* Tests of assumptions can be made for bandings of only young birds vie Model 0. however estimation is not possible unless a matching 
sample of adults is also available for analysis (Brownie et al 1978 33-34) 
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CD method are not met (e.g., an adequate 
fit is rejected for 37 of the 45 data sets 
[82%] at the 0.001 level). This is an over- 
all test of the assumptions necessary for 
the CD model. Moreover, the test results 
are not dependent on the particular esti- 
mation method used (the same conclu- 
sions would be reached if the constraint 
M,_, = M, were used, rather than M, = 
1). We conclude that the CD method is 
not appropriate for the analysis of water- 
fowl-banding data. 


Goodness of Fit Tests of 
Modern Methods 


Brownie et al. (1978) present a series 
of recently developed (i.e., “modern”’) 
estimation models and testing proce- 
dures to allow selection of the “best” 
model for a specific data set. It seems ap- 
propriate to assess the assumptions made 
by these modern methods. Relevant in- 
formation is presented in Table 2 to allow 
comparisons. Only 8 data sets (18%) are 
rejected at the 0.01 level and only 2 data 
sets (4%) are rejected at the 0.001 level. 
Additional information of this type is giv- 
en for mallards by Anderson (1975). 
These results generally indicate that 
modern methods are adequte for the 
analysis of waterfowl data—at the very 
least, they are a considerable improve- 
ment over the older methods. In addi- 
tion, these modern procedures provide 
statistical tests (i.e., goodness of fit tests, 
likelihood ratio tests, and contingency- 
type tests) to assess the assumptions 
being made for a particular model. If 
these tests indicate that the assumptions 
are not met for a particular data set, the 
model should not be used for the analysis 
of that data set. Finally, none of the mod- 
ern methods is affected by truncation of 
the recovery data and most are not af- 
fected by changes or trends in annual 
band reporting rates. 


Bias in Age-specific Mortality 
Rate Estimates 

We pointed out that bias will occur in 
the mortality rates estimates M, unless 
S,S,., . . .S, is essentially zero. This prod- 
uct has not been zero in the vast majority 
of analyses of banding data. Truncation 
has occurred almost without exception 
(e.g., Moisan et al. 1967; Geis et al. 1971). 
To illustrate the effect of truncation, con- 
sider a case where mortality rate for all 
ages is 0.4 (i.e., S, = S for all ages). Ex- 
pected values of the estimator of mortal- 
ity rate under the CD method can be 


computed using 
M 


E(M,) S 1 — Sti 


Although the true M, = 0.4, the CD meth- 
od would produce the following average 
estimates for i = 1,..., 7: 0.412, 0.420, 
0.434, 0.460, 0.510, 0.625, and 1.000. This 
bias in the CD estimation procedure has 
frequently been incorrectly interpreted 
as evidence for age-specific mortality in 
waterfowl. 

We stress that these biases occur even 
when the assumptions required by the 
CD model are true; they are an inherent 
property of the estimation method (pri- 
marily because of the implicit constraint 
M, = 1). One might conclude that mor- 
tality rates increase with age when, in 
fact, only bias increases with age when 
the CD method is used. 





DISCUSSION AND 
RECOMMENDATIONS 


We contend that valid estimates and 
sound inference must come from a proper 
model and estimation procedure based 
on reasonable assumptions. We have 
found the CD model to be inappropriate 
as a basis for analysis of waterfowl! band- 
ing data because: (1) the assumption that 
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recovery rates do not vary by time is un- 
realistic; there is substantial direct infor- 
mation that hunting regulations influ- 
ence harvest an’ °.-:vest rate, and that 
recovery rate is .iosely correlated with 
harvest rate (Henny and Burnham 1976); 
(2) goodness of fit tests soundly reject the 
restrictive assumptions required; and (3) 
logical inconsistencies occur, as for ex- 
ample in applying the method to adults 
which are a mix of unknown ages when 
banded (cf. Anderson and Burnham 
1976:55—56). Thus, our main point is that 
the necessary assumptions behind the 
CD method are logically and demonstra- 
tively invalid. Therefore, the CD method 
should not be used. 

A 2nd point, of lesser significance, 
is that the estimation method itself is 


tality rates are subjected to at least | ap- 
propriate constraint (cf. Seber 1971). The 
CD method is implicitly based on the 
constraint M, = 1, which is simply not 
justified. If there are situations where the 
CD assumptions are tenable (e.g., recov- 
ery data from a few species of nongame 
birds) improved estimators should be de- 
veloped for the analyses. We note, how- 
ever, that the goodness of fit test (5) is 
valid and independent of the specific es- 
timation method used and is not affected 
by truncation of the data. 

It seems important to recognize that 2 
results commonly found in the literature 
are now suspect. First, the estimates of 
Ist-year mortality rates of birds banded 
as young are severely overestimated 
(e.g., Jessen 1970) because the necessary 
condition a = f/M, is violated. Second, 
the notion that mortality increases with 
age is not validly supported. This nction 
is an artifact of the CD method due to 


}. Wildl. Manage. 43(2):1979 


SEST CaPY AVAILABIE 


truncation of data and the implied con- 
straint M, = 1. The concept that mortality 
in waterfowl is age-specific is not validly 
supported by analyses using the CD 
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A General Methodology for Maximum Likelihood Inference 
from Band-Recovery Data 


M. J. Conroy and B. K. Williams 


U.S. Fish and Wildlife Service. Patuxent Wildlife Research Center. 
Laurel. Maryland 20708, U.S.A. 


SUMMARY 


A numencal procedure 1s descnbed for obtamimng maumum hkelshood estimates and associated 
maximum hkelhood inference from hand-recovery data. The procedure allows the specification of a 
ser general form for hand-recovery modets. by means of which constraints on model parameters 
can be casily imposed by simple transformations. The method 1 dlustrated for previously developed 
onc-age-class hand-recovery models. and 1s extended to new models. including the analysis with a 
covanate for survival rates and vanable-tume-penod recovery models. Extensions to R-alc-class hand- 
recovery. mark-recapture models. and twice-yearly marking are discussed. A FORTRAN program. 
available from the authors. provides computations for the madels descnhed. and can he adapted for 
additional user-defined models. 


1. Introduction 


In hand-recovery problems. birds are marked in cach of several penods (for example. July- 
September in a senes of years) and the sample consists of recovenes of bands during penods 
following banding. The probability that a bird banded in Year / ts recovered in a subsequent 
Year j can be modelled as a function of time- and age-specific survival and recovery rates. 

Seber (1970) and, in an unpublished report, D. S. Robson and W. D. Youngs (Cornell 
University Biometrics Unit Paper No. BU-360, 1971) have modelled recoveries with 
muitinomial distributions and have developed maximum likelihood estimates (MLEs) for 
time-specific survival and recovery probabilities when all animals are marked as adults. 
Johnson (1974) and Brownie and Robson (1976) extended this methodology to allow age- 
specific survival and recovery probabilities for birds marked 7 adults and as young. and 
Brownie ct al (1978) summarized previous models, developed reduced-parameter models. 
and presented algorithms for estimation and hypothesis testing among a hierarchy of 
models. 

In modelling band-recovery data, we believe that 1 1s desirable to start with a model 
structure that allows specification of the sources of variability likely to occur im nature. For 
North American game birds these include, at a minimum, allowance for time-specificity in 
both survival and recovery probabilities, and where two age classes are considered. for age- 
specificity as well. All of these features have been incorporated into the models described 
by Brownie cf a/ (1978). For many well-structured data sets, and for relatively straightfor- 
ward hypotheses regarding survival and recovery rates, these models have been quite 
adequate. However. we have encountered many examples of bird-banding cxpenments in 
which enther vanations in the design (for example, banding years were missing) or biological 
questions addressed (for example. tests of functional relationships between survival rates 
and cxogenous variables) have suggested parametcrizations which did not fit into the 
framework specified by Brownie ef al. (1978). 


Aci words Band recovenes. Hypothess testing: Maximum likelihood: Multinomial models. Numer- 
cal estimation, Ring recovenes. 
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In the past. umigue bologscal questions or data sets have required special developments 
for cach case. We present a methodology which cnables an investigator to specify a 
hypothesized relationship. //... among the parameters in terms of constraints on a very 
general hand-recovery model. //,. We also show how to obtaim MLEs and associated test 
statistics under //, and H.. and we use the procedure to analyze several new models, 
illustrating cach with a data cxampie. 


2. Estimation and Hypothesis Testing 
2.1 Definitions 


Insually we restnct our development to the one-age-class band-recovery problem. although 
R-age-class problems are a straightforward extension. Our notation follows Brownie ef ai. 
(1978y 


NN... the number of animals marked and released in Year ii = 1... . . k: 

R.. the number of animals that were marked in Year i and recovered im Year j. 
SDE ccce i. 

R..., =@N,-— 3... R,. the number of animals marked im Year i and not recovered: 

t.. the probability that an animal markcd in Year i is recovered in Year j: 

S,. the probability that an animal which is alive at the midpoint of the marking 
period of Year i survives to the midpoint of the marking period of 
Years + 1: 

‘. the probability that a marked animal which is alive at the midpoint of the 
marking period in Year / ts recovered in the subsequent recovery period (for 

We note that for North Amencan ga:ne birds. { has a straightforward interpretation when 
the recovery period is a hunting season immediately following the banding period 
(Le. ‘preseason’ banding). In cases in which there is a significant lag between banding and 
recovery. {, implicitly incorporates a mortality component. 


2.2 Fully-Parameterized Models, H, 


The statistical treatment of the band-recovery problem by Seber (1970, 1971) and Brownie 
et al (1978) was based on the product of independent multinomials 


priiR.j) = (x) i 


for i; banding periods. i = |. .... &, and / recovery periods, j/ = i, .... 1, so the overall 
siuctihood function is 
‘ 
Lied) = Tl paiRd) 
with «,, being a function of 1f. S,. j= 1.....  6@Giceas i= I}. 


Initially we will consider // , to be equivalent to Model M71 (Brownie ef al. 1978, p. 15) 
in which / and S, are time-specific. For Model M1 (H,) 


fp ji. 


x, 04 Hl Saf, i<j<lei, (1) 
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Since H, is a fully-parameterized member of the exponential family, it can be shown 
(Brownie ef a/., 1978) that for the parameter vector 


6,=(/, oor f adits 00 cg tet, Gin cose 
with 


Aey-! 


a, @ fi, fl Sars jJ= ae 


moment-type estimators and MLEs are identical (Davidson and Solomon, 1974). This 
gives rise to a simple method of producing closed-form estimators of survival and recovery 
rates. Model H, is of particular importance because most other one-age-class models of 
interest are obtained by constraining the parameters of H, and will be reduced-parameter 
models, i.e. the number of parameters estimated is less than the number of elements of the 
minimal sufficient statistic. 


2.3 Reduced-Parameter Models, Ho 


Brownie et al. (1978) described two reduced-parameter models for one-age-class recovery 
problems. In one of the models, survival rates are constrained to be constant, whereas in 
the other, both survival and re « very rates are constrained thus. Moment-type estimators 
cannot be obtained, and closed-form solutions of the likelihood equations do not exist for 
either model. Since the likelihood must be redefined each time @, is consirained under a 
particular H,, it is understandable that only a few reduced-parameter models have been 
developed. We will show how this procedure can be considerabiy simplified by exploiting 
the simple multiplicative structure of the cell probabilities z,,. 

A commonly used procedure for obtaining MLEs when explicit solutions to the likelihood 
equations do not exist is the method of scoring (Kale, 1962; Rao, 1965, pp. 302-309): 


6,4, = 6, + 1-'(6,) x6), (2) 


where 6, are the estimates of @ at the ith iteration. The method requires a starting value 
6*, which in practice can be obtained by guesswork or by estimation from a fully- 
parameterized model. Also required are expressions for g(@) and /(@), where 


A i+ 
“= 35 (2:)(2%:) (3) 
mt poi \ By 00 
and 
- A i+! 1 On, “ 
~) ~ N 2 ty (5 ee (4) 


Both functions can thus be obtained simply from first partial derivatives of the cell 
probabilities. Since the approach taken here involves constraining the parameter space of 
the general model H,, we express partial derivatives dx,,/00) by means of the chain rule 


88) \00y)\00,) 


The partial derivatives dx,,/0@, are, of course, constant for any Model Hy obtained by 
constraining //,, so the scoring procedure for Model Hy is determined by a functional 
relationship of the form @, = /(@)), with the assumption that the derivatives 00,/08) exist. 
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For example, if #1, 1s defined by constant survivorship S,= S, i= 1... ., k— 1, then 
a .; i be oe 2 
. Wei Uk awe 
a = 0 
a. _ f bo 
Oy | 
“ ! 
a a | 0 ry 








After the parameters of a model have been fitted as described, the Pearson goodness-of- 
fit statistic (cf. Brownie ef al., 1978, pp. 19-20; North and Morgan, 1979) can be used to 
test for model adequacy. It is usually necessary to pool cells because expected counts are 
small, and alternatives for the classical test have been suggested (cf. North and Morgan, 
1979). Models under null hypotheses (H,) can be compared to that under an alternative 
(H,,) by likelihood ratio test statistics (Kendall and Stuart, 1961, Ch. 24). 


2.4 Computing Algorithm 


The expressions in §§2.2 and 2.3 have been coded in FORTRAN for an HP-3000 computer. 
A main program reads the data and initial values for @, and calls subroutines to compute 
the statistics needed for the scoring procedure. General forms for the cell probabilities, z,,, 
and their derivatives for the model structures described in §3 are coded in subroutines. 
Models under specific null hypotheses are then obtained by 00,/08), coded as additional 
subroutines. Coding is provided for all of the hypotheses described in §3, and for several 
additional models. Additional hypotheses may be constructed by the addition of brief 
coding for 30/80). No further modification of the program is required ided Hp fits 
into one of the previously coded general forms. Convergence (| @,., — 6) < ¢) is rapid 
(usually <10 iterations) for most models and data s<ts. Our FORTRAN coding of these 
algorithms is quite general and should be compatible, with minor modifications, with most 
FORTRAN compilers. A documented listing and detailed instructions are available upon 
request from the authors. 


3. Specific Models 
3.1 Unequal Time Intervals Between Sampling Periods 


Background and development. Brownie et al. (1978, p. 179) briefly considered the case 
in which intervals between marking periods are of variable length. This situation often 
occurs with species for which marking efforts have been sporadic, resulting in gaps of 
missing years in the records. Survival rates, S,, may still be estimated, "t S, is now defined 
as the probability of survival over an interval [¢,, t,.,] of length d,, where d, may vary with 
i. A parameter of interest is the single-interval survival rate, ¢,, where S, and ¢, are related 
by 

S, = 7. (6) 


It is assumed here that the survival rate S, is simply a product of the survival rates ¢, over 
each of the d, intervals in [#,, ¢,.,]: 


d, 
S$, = I] dy. 
j=l 


Setting ¢, = ¢, yields (6). Estimates of ¢,, i= 1,...,k — 1, may be obtained from @, by 
the relationship ¢, = (S,)'“. Similarly, var(¢,) may be obtained by application of the delta 
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Maximum Likelihood for Band-Recovery Data 


Table 1 
Band recoveries from male ring-necked ducks banded in Maryland, Virginia and North Carolina, 
December-February 1953-1964 


Banding Interval Number Recovery year 
year (years) banded 1953 1955 1956 1958 1960 1961 1963 1964 














1953 2 220 9 8 l 0 0 0 0 0 
1955 l 386 36 16 4 l 0 I 0 
1956 2 223 16 2 I 0 l l 
1958 2 102 6 l 0 2 0 
1960 l 212 11 2 3 2 
1961 2 433 16 7 7 
1963 I 140 4 | 
1964 l 313 12 





method (Seber, 1973, p. 7). However, tests of Ho: S; = S make little biological sense, 
because S; depends on d, as well as on ¢,, and Hy will usually be rejected unless d, = d. A 
more useful test is that of Hip: ¢; = ¢. Reparameterization of H, by (6) yields 


6, =(f,h, ee ¢1, ¢2, ***9 d-1), (7) 
and under Ho: ¢; = @ we have 


0 = (S7,S3,..-, 58, Os 
where 


ft=f, S= 6%, i=1,...,k. 


The likelihood function and its derivatives follow from application of the methods in §2.3, 
and the relationship between @, and @. 

Example. Ring-necked ducks (Aythya collaris) were trapped and banded in December- 
February in Meryland, Virginia and North Carolina. After 1964, several contiguous years 
of adequate bandings enabled estimation of annual survival rates (Conroy and Eberhardt, 
1983). There were several years between 1953 and 1964 in which few if any ringnecks were 
banded in these areas, resulting in gaps in the data (Table 1). We used the ..odel defined 
in this section to estimate f and ¢, for these data (Table 2) and to test the nu! | hypothesis 
that annual survival rates, ¢,, were temporally constant (Table 3). The models under boih 
hypotheses fit the data (P > .10), and the hypothesis of constant @ was not rejected 


Table 2 





Maximum likelihood estimates of survival rates, ¢,, and band-recovery rates, f,, 
for ring-necked-duck data in Table \ 
H,: @, unconstrained Ao: o=¢ 


Banding : 
year f oz é, SE f Si. é, SE 
1953 0.0409 0.0134 0.5218 0.0918 0.0403 0.0132 0.6120 0.0346 
1955 0.0987 0.0148 0.5477 0.1609 0.0937 0.0137 0.6120 0.0346 
1956 0.0706 0.0159 0.5165 0.1191 0.0648 0.0114 0.6120 0.0346 
1958 0.0529 0.0194 0.6447 0.1536 0.0413 0.0125 0.6120 0.0346 
1960 0.0457 0.0132 0.5656 0.2014 0.0439 0.0119 0.6120 0.0346 
1961 0.0297 0.0074 1.0530 0.2588 0.0289 0.0068 0.6120 0.0346 
1963 0.0222 0.0103 0.3533 0.2028 0.0476 0.0119 0.6120 0.0346 
1964 0.0383 0.0109 0.0422 0.0091 0.6120 0.0346 








Average estimate: 
0.0499 0.0048 0.6004 0.0400 0.0503 0.0042 0.6120 0.0346 
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Table 3 
Likelihood ratio test of hypothesis that survival rates are constant for ring-necked-duck data in 
Table | 
Model df x? P 
H, 4 6.655 155 
Hy 12 12.496 407 
Hy vs H, 6 8.543 201 





(P > .10), suggesting a temporally constant annual survival rate of .61 with an estimated 
asymptotic standard error of .03. 


3.2 Survival Rate as a Function of a Covariate 


Background and development. In this model, annual survival rates, S,, are hypothesized 
to be a function of an independent variable, X,. Examples of X; could include weather 
conditions, availability of habitats or food, and densities of conspecifics, competitors or 
predators. Previous investigations of the effects of environmental variables on S, have 
generally involved estimation of S, followed by regression of $, on X,. This approach makes 
less effective use of the data, and requires two separate analyses. Furthermore, because of 
autocorrelation among the §,, the usual assumptions for regression ave not met. North and 
Morgan (1979) modelled annual survival rates of herons as a logistic function of winter 
temperature, but required assumptions about recovery probabilities which are unlikely to 
be appropriate for North American birds that are hunted. Our approach is to reparameterize 
H, under the hypothesis 


Hy: S, = @(X%,), i= 1,...,&. (8) 
In particular, it may be reasonable to hypothesize a linear relation between S; and X;, 
Ho: S, = a + bX, 
or between S/ and X,, 
Ho: S} = a + bX,, 
where 
S/ = In{S/(1 — S)j. 


This approach requires estimation of two parameters, a and db, in addition to /,, as opposed 
to the estimation of S, followed by the appropriate linear regression or linear logistic 
regression. The parameters under Hp are 


Go = (Sis fas «+++ Sas @, 5), 


and specification of the mathematical relationship between S, and X, in terms of a and b 
enables derivation of the likelihood and the maximum likelihood inference. 

Example. Adult female mallards (Anas platyrhynchos) were banded in Manitoba, Sas- 
katchewan and eastern Alberta in August-September 1966-1977. It was believed that 
annual survival rates over the interval August i-August i + | were negatively influenced 
by high densities of mallards per pond in May of Year i + 1 (Nichols, Pospahala and Hines, 
1982). A plot of §, (under the fully-parameterized model) suggested a linear relation 


Hg: S, = a+ bX,, 
where S, is the annual survival rate of adult females (August i-August i + 1), X; is the 
number of mallards per pond in May ij + 1, and a and 5 are parameters to be estimated. 
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Table 4 x 
Band recoveries jrom adult female mallards banded in prairie Canada, July-September 1966-1979, 
and densities of ducks per pond for May of following years 
Number Recovery year Decioftend 
banded 1966 1967 1968 1969 1970 197! 1972 1973 1974 1975 1976 1977 1978 1979 : 
25 3 2 6 q 7 2 2 1 0 0 0 0 a 0.9787 
1413 >» £ sf 9 8 5 a 0 i 0 oe 2.2445 : 
1147 “™27 23 fH 5 3 Oo 2 1 0 0 6«0 1.2638 
1233 $57 33 21 14 5 2 1 2 0 1 0 1.0898 > 
1674 82 35 £22 8 2 4 3 1 1 0 1.3363 
1727 1 ww» BD " 8 6 2 0 2 1.3067 
1864 7, ss fs 4 4 3 0 2.2601 
1438 “6 2 21 13 5 4 7 0.6647 
1235 4027 is = 10 7 4 0.8903 
2351 67 %6 2% 13 «20 1.3183 
$215 180 98fF S66 33 2.1163 
$256 167 89”—té«*G J 0.8707 
3615 114 66 y 
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Table 5 
Maximum likelihood estimates of survival rates, S,, and band-recovery rates, f,, 
for mallard data in Table 4 
Banding H,: S, unconstrained Ho,: S, = a + bX, He: S,=S 
year f SE $, SE f SE f SE 
1966 0.0421 0.0066 0.5440 0.0962 0.0418 0.0066 0.4184 0.0066 
1967 0.0381 0.0047 0.4686 0.0698 0.0364 0.0042 0.0371 0.0043 
1968 0.0283 0.0041 0.5890 0.0767 0.0273 0.0036 0.0253 0.0033 
1969 0.0430 0.0048 0.7130 0.0864 0.0415 0.0041 0.0405 0.0040 
1970 0.0452 0.0043 0.6376 0.0795 0.0475 0.0038 0.0483 0.0039 
1971 0.0380 0.0039 0.5428 0.0710 0.0403 0.0033 0.0409 0.0034 
1972 0.0364 0.0037 0.4283 0.0578 0.0357 0.0030 0.0362 0.0030 
1973 0.0348 0.0040 0.5488 0.0761 0.0328 0.0033 0.0297 0.0028 
1974 0.0280 0.0036 0.7898 0.0997 0.0236 0.0026 0.0242 0.0027 
1975 0.0303 0.0030 0.6211 0.0622 0.0307 0.0027 0.0325 0.0028 
1976 0.0346 0.0023 0.5712 0.0489 0.0352 0.0021 0.0360 0.0022 
1977 0.0309 0.0021 0.5904 0.0591 0.0329 0.0020 0.0311 0.0018 
1978 0.0304 0.0025 0.0298 0.0018 0.0306 0.0019 
Average estimate: 
0.0355 0.0011 0.5864 0.0118 0.0351 0.0010 0.0349 0.0010 
: 0.7514 
0.0554 0.5879 
: 0.1170 0.0099 
: 0.0380 





Three models were analyzed: H,, the fully-parameterized model with S, and /, varying 
with time; Ho,, a reduced-parameter model with S,; = a + bX,; and Ho, a reduced- 
parameter model with S, = S, this model being equivalent to Ho: b = O in the linear 
parameterization. The relevant banding, recovery and covariate data are given in Table 4. 
Parameter estimates and associated sta’ tard errors for the models are shown in Table 5. 

Test results indicate that all three n Jels provide an adequate fit (P > .50) to the data 
(Table 6). The test of Ho, versus H, was not rejected (P > .10), which suggests that modelling 
survival rates by year-specific values, S,, provides no more information than does the 
covariate model. The tests of Hg, versus H, and Ho, were both rejected (P < .01), which 
suggests that survival rates are not temporally constant and that a significant linear 
relationship exists between S, and X,. A similar inference may be obtained by regression of 
the S, under H, against X,, but this requires two analyses and the estimation of 12 additional 
\arameters. 


Table 6 
Likelihood ratio tests of hypotheses that survival rates are constant, and that survival rates are a 
linear function of ducks/pond for the mallard data in Table 4 








Model df x’ P 
H, 51 38.009 916 
Ho, 62 52.849 619 
He 62 55.553 517 
Comparison 
Ho, vs Hy 10 14.020 172 
He vs H, 11 22.360 022 
Ho: VS Ho, l 8.540 004 
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4. Extensions 


In addition to the models described in §3, we have extended this methodology to several 
other types of model. For example, if birds are marked twice a year, it is possible to estimate 
survival rates over portions of the year. In hunted species, particular interest may focus on 
the proportion of mortality, | — S,, that occurs during the hunting season (usually 
September-February) and during the remainder of the year (cf. Brownie ef al, 1978, 
p. 159). 

If age classes can be identified at the time of banding, then the data and corresponding 
parameters can be stratified accordingly. Estimation of parameters and tests of hypotheses 
(for example, constant but age-specific survival rates) are a straightforward extension of the 
methods described in §2, and several two-age-class models have been programmed in our 
algorithms. Furthermore, although we assumed in §2 that the banded samples, N,, were 
known and we conditioned the observations on them, our methodology could be extended 
to cases in which N, are not known and the likelihood is conditioned on the total number 
of recoveries (Lebreton, 1977; North and Morgan, 1979). 

We have also successfully employed a two-stage iterative procedure for obtaining solutions 
to fully-parameterized and reduced-parameter Jolly-Seber mark—recapture problems ( Jolly, 
1965, 1982; Seber, 1965). However, this procedure can be very sensitive to starting values 
and may not nrove as useful for these problems as for band-recovery problems. 


5. Discussion 

Modelling band-recovery data in a biologically realistic manner often requires a large 
number of parameters. One application of our methodology is to reduce the number of 
parameters needed to model a population. It is important, however, that a reduction in 
parameters be pursued in a framework that allows objective comparison of biological 
hypotheses. The strength of our approach lies in the simplicity with which models under 
various null hypotheses can be obtained and compared by maximum likelihood methods. 
Once a sufficiently general model, H,, has been specified, estimation and testing for 
biological hypotheses, H,, are based on the mathematical relationship between H,, and Hp. 
time a new H, is specified. Because reduced-parameter models require numerical solutions, 
a procedure for testing alternative models, which requires minimum coding, has obvious 
advantages. In our algorithm we provide the coding for a very general model structure and 
be obtained with a minimal amount of extra coding. Users of this procedure are welcome 
to expand this methodology to other hypotheses, and we will provide assistance as requested. 
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Résumé 
On décnit une procédure numénque permettant d'obtenir les estimations du maximum de vraisem- 
blance ct les statistiques associées adaptées 4 des données de reprises d'individus bagués. La procédure 
permet de travailler sur des modéles trés gém*raux; des coniraiotes sur les paramétres du modéle 
peuvent étre facilement imposées par des transformations simpicta. La méthode est illustrée sur des 
modeéles a une classe d’age déja développés: elle est Ctendue 4 de nouveaux modeéles incluant l'analyse 
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discute d'extensions a la reprise d'individus bagués appartenant a R classes d'age, de modéles de 
marquage-recapture et de marquage deux fois par an. Un programme FORTRAN, disponible auprés 
des auteurs permet de traiter les modéles décrits; il permet de traiter d'autres modéles définis par 
lutlisateur. 
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SIMULTANEOUS ANALYSIS OF BAND-RECOVERY AND 


LIVE-RECAPTURE DATA 


STEPHANIE ZOWADA MARDEKIAN’ and LYMAN 
MCDONALD. Departments of Statistics and Zoology. Uni- 
versity of Wyoming. Laramie, WY 62071. 

Brownie et al. (U.S. Fish and Wildl. 
Serv., Resour. Publ. 131, 1978) presented 
14 inten elated models for the analysis of 
band-recewery data. In addition, they dis- 
cussed corsputer programs ESTIMATE 
(for anizaals banded as adults) and 
BRO'WNIE (for simultaneous banding of 
2 or 3 age-groups) that fit the data to the 
various models and computed estimates 
of survival and recovery rates. The band- 
ing studies on which such models can be 
used involve capturing, banding, and re- 
leasing a sample of animals at the same 
location at regular intervals (usually | 
year). For k such banding occasions, let 
N,, N,,..., Ny be the numbers of adults 
banded and released. Further, let R,, be 
the number of band recoveries in period 
j from adult animals banded on the ith 
occasion. In general, there are ¢ periods 
of recover, ¢ = k. Brownie et al. (1978) 
expressed this recovery information con- 
veniently in matrix form. When possible, 
the notation used by Brownie et al. (1978) 
will be followed in this paper, and it is 
assumed that the reader is familiar with 
their work. 

The fate of a banded animal will be | 
of 3 mutually exclusive events. Each an- 
imal will (1) be killed or found dead and 
the band reported, (2) return to the band- 
ing site and be recaptured alive in a sub- 
sequent year, or (3) not be seen again and 





' Present address; Ortho Pharmaceutical Corp., 
Quality Assurance Division, U.S. Highway 202, 
Raritan, NJ 08869. 


the band not reported. An animal could 
be recaptured alive on any number of oc- 
casions, and its ultimate fate be case 1 
above. Because the models used to ana- 
lyze band-recovery data are based on the 
multinomial distribution, we will be able 
to use only the last time an animal! (band) 
is seen (reported); i.e., each animal is re- 
corded only once in the summary—either 
as a live recapture on the occasion of its 
last recapture or as a band recovery, but 
not both. 

Analysis of recovery data alone is well 
developed, and the same is true for re- 
capture data. It is only the joint analysis 
of recovery and recapture data from a sin- 
gle banding program that is not well de- 
veloped in the literature. Brownie et al. 
(1978, Section 8.2) dealt with this prob- 
lem, but suggested including the inter- 
mediate recaptures and applying a recov- 
ery. model (for bands from dead animals) 
to these recapture data. That approach 
keeps all the recapture data, and uses a 
model that is an approximation. To get an 
exact model in which the variance for- 
mulae for estimated survival rates are val- 
id, this paper discards the intermediate 
recapture data. The proposed technique 
cannot be optimal because the interme- 
diate recaptures are ignored. However, it 
is a simple and relatively efficient meth- 
od of combining recoveries and recap- 
tures and the existing computer programs 
ESTIMATE and BROWNIE. These pro- 
grams can be used to examine the data. 


MODELS AND ANALYSIS 


To examine the method as applied to 
the models for animals banded as adults, 
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Table 1. Expected numbers of band recoveries under Model 1. with & = Jand/ = 4 











Banding Number 

aan brateched I 2 5 4 
N, NS, NSS, NSSS, NSSSJ, 
2 N, NJ, NSJ, NSSJ, 
3 N, NJ, NSJ, 





we will use Model | (Brownie et al. 1978) 
as the primary example. The assumptions 
of Model | are (1) age-independent sur- 
vival and recovery rates and (2) time-spe- 
cific survival and reporting rates inde- 
pendent of the date of banding. 
Parameters f (recovery rate) and S$ (sur- 
vival rate) are subscripted to indicate de- 
pendence on a specific time period. For 
illustration, the general form of Model | 
in terms of 3 years of banding and 4 years 
of recovery is given (Table 1). 

The corresponding expected numbers 
of terminal live recaptures of the banded 
animals is defined to be Model I’ (Table 
2). The parameter S again is subscripted 
to indicate dependence on a specific time 
period. It is assumed that all multiple re- 
captures have been eliminated, so the 
new parameter, p,, is the probability of 
an animal returning to the banding site, 
being recaptured on the ith banding oc- 
casion, and neither the animal nor its 
band be‘~g reported again. In this model 
there are no live recaptures during the 
Ist period after banding, because recap- 
tures will occur only when the banding 
operation is carried out again. Note that 
on the 3rd banding occasion the param- 


eters Sp, occur together, on the 4th oc- 
casion Sp,, and in general on the jth oc- 
casion (j 2 2) S, wp, occur together. 
These parameters are estimable as a 
product, but not separately. 

Comparing Model |’ with Model 1, it 
can be seen that they are of the same form 
for estimation of survival rates S,, S,, 
..., S,_, if we ignore the blanks on the 
diagonal and shift the columns of Model 
1’ one place to the left. The term q,., = 
S,p,., in Model 1’ corresponds to the re- 
covery rate, f,, in Model 1. In general, 
existing computer programs for analysis 
of band recoveries can be used to analyze 
these recapture data. However, consider 
the addition of corresponding elements 
of the data matrices; that is, add the num- 
ber of band recoveries in the jth period, 
R,,, to the number of terminal live recap- 
tures on the ( + I)th banding occasion, 
R',. Factoring out the common terms, 
define Model 1* (Table 3) for the expect- 
ed value of R,, + R',, the “total” recov- 
eries ‘a the jth recovery period (i.e., pe- 
riod j, or on the [fj + I}th banding 
occasion) from the ith banding occasion. 
The survival rates, S,, S,,..., S,_,, are 
separately estimable and can be directly 


Table 2 Expected numbers of terminal live recaptures under Model |. with & = ands « 4 











Banding acc aston 
Randine Neenber 
accession handed 1 2 5 4 
! N, N Sp, NS Sp, NSSSp, 
2 N, NS. NSS@, 
3 N, NS, 
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Table 3 Mode! 1° for expected numbers of termunal lve recaptures and bend recoveries. with & « Jand /( «3 











Binding Normbeer : 

aa bea nechend i 3 5 
I N, NU, + @2 NS, U, + a) NSS.U, +40 
2 N, N.U, + a) NS, (f, + a0 
3 N, NU, + a0 





obtained from the computer program ES- 
TIMATE. The 2nd set of parameters, 
I, + icy, is estimable; however, there is 
no clear, useful interpretation. 

The other models (i.e., 6, 2, and 3) re- 
ported by Brownie et al. (1978) can be 
similarly transformed to, say, models 0*, 
2*, and 3° for combined recoveries and 
recaptures. Model 2* assumes constant 
survival rate period to period, and thus is 
the same as Model 1", except that there 
are no subscripts on S. Model 3* is too 
restrictive to be applicable in many nat- 
ural cases, because it assumes that not 
only survival rates, but also recovery 
rates and probabilities of returning and 
being recaptured, remain constant from 
period to period. Model 0*, which aclows 
newly banded animals to have different 
recovery rates than those previously 
banded, 's the same as Model 1*, with 
the quantity f,' +4q,.,' replacing f, + 
q,., on the diagonal elements of the com- 
bined recovery and recapture matrix. 

Several of the authors’ colleagues and 
1 of the referees have suggested that 
with recapture data taken during banding 
operatior. 2 at the same (small) site, if an 
animal does not return exactly to that site 
in subsequent years, it is no longer in the 
sampled population, as some emigration 
is possible. If E represents the probabil- 
ity of emigration, the suggestion is that 
you might not estimate survival rate §S, 
but rather S-(1 — E), assuming the 
events are independent. The models 


herein propose to solve this problem by 
embedding the term (1 — E) in p. That 


is, consider the 3 events: (A) an animal 
returns to the banding site; (B) an animal 
is recaptured, given (A); and (C) neither 
the animal nor its band is reported again, 
given (A) and (B). If (1 — E), B’, and C’ 
represent the probabilities of the 3 
events, A, B and C, respectively, then 
p=(1 — E)-B’-C’. Under the assump- 
tion that the parameter p has the same 
properties as the recovery rate, f (e.g., in 
models 1, 1’, and 1* they are to be inde- 
pendent of the date of banding), then the 
survival rates are estimable by the maxi- 
mum likelihood method developed by 
Brownie et al. (1978). This argument is 
based totally on deductive logic. It would 
also be advisable to conduct a statistical 
test of the equality of survival rates in the 
2 data sets before combining them. Un- 
fortunately such a test is not available, 
and development of one is beyond the 
scope of this note. We hope that interest 
in this aspect of the analysis is stimulat- 
ed. 

Each banded animal should be record- 
ed only once in the combined recovery 
and recapture matrix for the multinomial 
likelihood functions to be applicable. 
The usual implicit assumption is made 
that the recovery of bands from, and live 
recaptures of, banded birds yield a rep- 
resentative sample from the overall band- 
ed population. Also, one assumes the 
banded population is representative of 
the whole population. 

Analysis of the combined recoveries 
and recaptures under models 0*, 1*, 2°, 
and 3° (and choice among the models) 
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Tebie 4 Expected numbers of recoveres and termunal recaptures under H,". with « « Dang / « 3 











Rereding Numer = 
ee etme a -_ 5 
Birds handed and released as adults 
I N, NA + a0 NS.U. +2 NSS.U,+ 40 
2 N, N.U, + a0) NS.(f, + a0 
5 N, NLU, + a0 
Birds handed! and reieased as young 
I M, M.U, + @,) MS, U,+ a0 MS,S.U,+ 40 
2 M, M.U, + @s) MS, (J, +40 
3 M, MU, *@.) 





3, and is directly applicable. All tests of 
fit and c»mp«risons of models are valid, 
as are the point and interval estimates of 
survival rat<es. 


of banded animals (e.g., young, sub- 
adults, and/or adults). A similar m~thod 
of combining band recoveries with live 
recaptures can be used in these cases. 
We will consider 2 age-classes and the 
model under H.. Under H,, annual sur- 
vival and recovery rates (S and f) are 
time-specific, and young and adults have 
different survival and recovery rates. For 


the young, the symbols S’ and f’ are 
used. It is assumed that after the Ist pe- 
riod of life, a young animal becomes an 
adult. 

For the expected number of terminal 
live recaptures, we define the model H,’. 
Parameters are defined as in H,, with 2 
new parameters, p, and p,', representing 
the probability of returning to the band- 
ing site, being recaptured, and the band 
not being reported again, —.+ adult and 
young birds, respectiv. y. Letting 
S,.p, = q and S,_,'p," = q,', the recov- 
eries and recaptures can be added to- 
gether as before, yielding Model H,* for 
combined recoveries and recaptures in a 
given period (Table 4). 

Survival rates are separately estimable, 











Table 5 Recovery matroes for band recovenes and termunal iwe recaptures of Canada geese banded at Turted ake 
Yellowstone Nahonal Park Wyoming 1967-71 
Vea recom ered 
Raretone November 
mem Vneteeberet os i a wre wr) 172 
Band recon enes from berds shot on found dead 
1967 198 w 14 7 » 5 
1Y65 157 24 1! 10 s 
1¥69 119 10 6 4 
1970 275 “4 13 
1971 249 26 
Terminal live recaptures 
1967 1s l 2 4 4 » 
196s 157 17 9 7 4 
1¥69 119 19 12 4 
1970 275 42 16 
i971 249 43 
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Tate 6 Tots recovenes end termine recaptures of Canada geese banded at TurD=s Lane ‘Yellowstone Nabons Part 











Wyorwng 1967-71 
om | tment i z 5 ‘ 5 

1967 1s u “a 21 i2 13 

1¥nn is? 4 w i7 i2 

iva iw 2» Is 13 

1970 275 76 Pa] 

1971 249 nw 





whereas parameters f, + q,., and f,' + 
@,.," ate estimable as sums. In a similar 
manner, the other models considered by 
Brownie et al. (1978) can be defined for 
combined recoveries and recaptures. The 


computer program BROWNIE can be 
used to fit the new models. 


APPLICATION 


Band-recovery and live-recapture data 
are available for normal wild Canada 
geese (Branta canadensis) banded at 
Turbid Lake in Yellowstone National 
Park, Wyoming, from 1967 to 1971. Re- 
covery matrices are given for band recov- 
eries and live recaptures (Table 5) and 
for the combined data (Table 6) (Mardek- 
ian, M.S. Thesis, Univ. Wyoming, Lara- 
mie, 1979). All intermediate recaptures 
have been eliminated. 

Each of the 3 recovery matrices was 
analyzed with program ESTIMATE. 
Model 2 best described the band-recov- 
ery data, giving an estimate of the con- 


notation), with an estimate of constant 
survival rate of 66.45 + 2.99%. As ex- 
pected, this estimate is between the oth- 
er 2, but has a smaller standard error. 


Models are developed for the analysis 
of combined band-recovery and live-re- 
capture data. Taey are similar in struc- 
ture to the band-recovery models report- 
ed in Brownie et al. (1978), and provide 
an improvement in the estimation of sur- 
vival rates under the assumption that the 
recovery of bands from, and ‘ive recap- 
tures of, banded birds yields a represen- 
tative sample from the population. An ex- 
ample is given of the application of these 
models, using existing computer pro- 
grams for the analysis. 
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MATE fit Model 2 (Model 2* in the new 


(EST SGPY AVANABIE 


cant contributions also were made by the 
editor and referees. 


Receiwed 4 June 197 
Accepted 27 May 1980 


J. Wildl. Manage. 45(2): 1981 





Made in United States of America 
Reprinted trom JouRnat oF Fret pd ORNITHOLOGY 
Vol. SI. No. 1, Winter 1980 


THE EFFECT OF BAND LOSS ON ESTIMATES OF 
ANNUAL SURVIVAL 


By Lours J. Netsox, Davin R. ANDERSON, AND Kenner P. BurRNHAM 


Banding has proven to be a useful technique in the study of popu- 
lation dynamics of avian species. However, band loss has long been 
recognized as a potential problem (Hi key. 1952: Ludwig, 1967). Re- 
cently, Browne et al. (1978) presented 14 models based on an array of 
explo assumptions for the analysis of band recovery data. Various 
estimation models (assumption sets) allowed survival and/or recovery 
rates to be (a) constant, (b) time-specific, or (c) time- and age-specific. 
Optmal interence methods were emploved and statistical tests of critical 
assumptions were developed and emphasized. 

Phe methods of Brownie et al. (1978), as with all previously published 
methods of which we are aware, assume no loss of bands during the 
study. However, some band loss is certain to occur and this potentially 
biases the estumates of annual survival rates whatever the analysis meth- 
od. A few empirical studies have estimated band loss rates (a notable 
exception is Ludwig, 1967): consequently, for almost all band recovers 
data, the exact rate of band loss is unknown. In this paper we investigate 
the bias in estimates of annual survival rates due to varving degrees of 
hypothesized band loss. Our main results are based on perhaps the most 
usetul model, orginally developed by Seber (1970), for estimation of 
annual survival rate. Inferences are made concerning the bias of esti- 
mated survival rates in other models because the structure of these es- 
tinators ws similar, 


METHODS 


Our specific results are based on Seber's (1970) model (see Model | 
in Browne et al, 1978:15-20) but with allowance for a general band 
reteptiion function (Table 1). Model | and its assumptions regarding 
timne-speciiic survival and recovery rates are specified by three sets of 
parameters: 


N, = Number of adult birds banded in vear 1, 

S, = Annual survival rate in vear t (speeifecaily, the probability that 
a bird alwe at the beginning of vear i will survive until vear 
i+ 1), and 
Band recovery rate or “sampling rate” in vear i (specifically, the 
probability that a banded bird alive at the beginning of vear i 
will be veported im vear 1). 


For the results presented here, a fourth set of parameters is required: 


6, = Band retention rate to the end of the i™ year after banding 
(specifically, the probability of a banded bird retaining its band 
to the end of the i year following banding). 4, is the probability 
of retaining a band for a short period immediately following 
banding. 
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Expected numbers of band recoveries unde, Model | allowing for loss of some bands 
(only four years of banding and recovery are shown). 
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We conceptualized four functions to express varying degrees of band 
retention as a function of the number of vears after banding (Fig. 1). 
Functions A, B, and C reflect increasingly severe band loss. We believe 
many passerine and game species may be represented by functions A 
or B. The few species in which band loss is very severe are represented 
by function C and it would seem that this represents an extreme situa- 
tion. We note that the band retention rates on Ring-billed Gulls (Larus 
delawarensis) in Table 3 ot Ludwig (1967) correspond closely to our curve 
C. Function D is somewhat different and ts an attempt to mimic raptorial 
species in which 2 proportion | — 6, of the birds may unfasten the band 
within a very short period following banding (i.c., 6 < 1). Function D 
does allow for a more gradual loss of bands over time from the remain- 
ing birds that do not immediately remove their band. The four band 
retention functions are intended to cover the general range of condi- 
tions that seem likely. 

Alternatively, we can conceptualize band loss as the band retention 
rate between any two successive years, given that the band was still in 
place at the start of year i. 


6, ™~ 
an 1 * =r 


B, = 4, 


For example, using function C (Fig. 1) we can compute that the band 
retention rate between the end of year 6 and the end of year 7 is 0.48 
(B; = 6/0, or B; = 0.20/0.42). Both representations of band loss are 
equivalent and either one can be computed from the other. The band 
retention functions in Fig. | are more convenient expressions for our 
analysis. 
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Ficuee |. Band retention rate as a function of the number of vears after banding. 


The magnitude of the bias will be influenced by the true survival rate. 
We use the following sets of survival and recovery rate paramcters to 
examine the effect of band loss (1 — 6) on the estimators of annual 


survival: 
Case | S, = 0.35 {, = 0.10, 
Case Il S, = 0.60 i, = 0.10, 
Case Ill S, = 0.85 f, = 0.10, 


where i = year. 
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Actual confidence interval coverage as a function of bias/se(§,). 








6, * p/selS,) Coverage 


0 0.950 
0.1 0.949 
0.2 0.945 
0.25 0.943 
0.3 0.939 
0.4 0.932 
6.5 0.92) 
0.6 0. 908 
9.7 6.892 
0.75 0.884 
0.8 0.874 
0.9 0.883 
1.0 0.830 
1.5 0.677 
2.0 0.484 





In all cases we used N, = 1,500 and examined bias for data sets having 
16 years of banding and recovery (i.e.,i = 1, 2,..., 16). The four band 
retention functions (A-D) were used for each of the three cases (1-111), 
giving a total of 12 situations. The quantities N,, S,, f,, and 6, specify 
the 12 sets of expected band recovery data under the model specified 
in Table |. For each of the 12 sets (where S, is a known parameter) we 
computed the expected value of §.. ES) using the maximum likelihood 
estimator for Modei | (see Brownie et al., 1978:16). Because the esti- 
mator of S, under Model | is unbiased assuming all 6, = 1 (no band 
loss), we can assess the bias of the estin:ator due to band loss by using 
the model structure in Table | whic: allows tor band loss. 

Two remaining quantities were emp'vved in our evaluation and are 


defined: 


Bias = E(5,) - S, 
Percent relative bias (PRB) = Ed —3 x 100, 





where E(S,) is computed using the maximum likelihood estimator of the 
parameter 5S,. 

The significance of the magnitude of the bias can be evaluated by 
comparing the bias to the standard error of the estimated annual sur- 
vival rate. The maximum likelihood estimates of survival under Model 
1 (i.e., 6 @ 1) are approximately normally distributed so a 95% conh- 
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Estisnated annual survival rates and percent relative bias with S, = 0.35 and {, = 0.10 
(Case 1) with Model 1. The 5, are given as a percentage (i.c.. §, x 100). 

















Banc retention Band retention Bend retention Bend -etent tor 
function A function 8 function C function 0 
Anne! Percent Annva! Percent Banva! Percent brnve! Percent 
veer survive) relative survive! relative survive! relative survival relative 


(1) rate (5,) bias (PRB) rate (5,) ies (PRB) rate (5,) dies (PRB) «= rate (S,) bias (PRB) 





' MB -9.6 M.S “4 53.6 -3.9 33.6 39 
$ 4 -1.8 M3 2.9 2.9 -$.9 2.5 7.2 
10 4.3 2.0 M2 2.3 22.9 4.9 25 72 
i) “9 0.4 M.S “1.5 33.7 -38 33.6 3.9 





dence interval can be computed as §, + 1.96 se(S,). This procedure is 
not valid if E(S,) is biased (e.g., by band loss). In this case F(S) = S, + 
b, where b is the bias. We can assess the coverage (the proportion of the 
time that this interval would include the true parameter S,) of the usual 
95% confidence interval procedure, §, + 1.96 se(§,), by calculating the 
bias relative to the standard error. Therefore, let 


6 = bias/standard error 
= b/se(§, ). 


Actual coverage can then be computed from knowledge of the absolute 
value of 8, |6| (see Cochran, 1977:12-15). Of course, if |5| = 0, the 
coverage is 0.95. Confidence interval coverage for selected values of |8| 
is given in Table 2. 

The four band retention functions presented here are intended to 
cover the range of likely situations. Many other choices exist for band 
retention functions, numbers banded, survival rates, and recovery rates 
that may be of special concern in a given situation. These specific cases 
can be analyzed for the effects of band loss by the same procedures 
used in this paper. First, specify the parameters that define the problem 
(i.e., specify values for N,, S,, f, and 6). Second, calculate the expected 
recoveries using the specified parameters and che model given in Table 
1. Third, compute the expected vaiues of the maximum likelihood es- 
timators of annual survival rates from the generated recoveries (i.e., 
treat it as a data set and use the formulas given by Brownie et al., 
1978: 16). Fourth, compute the bias, percent relative bias, and the ratio 
of bias to standard error with the formulas given above. 

Some results on bias will be discussed for other models for adult birds 
(i.e., Models 2 and 3) as well as several models for young birds where 
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Taste 4. 
Estmated annual survival rates and percent relatuve bias with S, = 0.60 and {, = 0.10 
(Case 11) with Model 1. The 5, are given as a percentage (i.c.. §, x 100). 
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S and f are allowed to be time-specific as well as age-specific (i.e., Model 
H,) (see Browme et al., 1978 for details on these estimation models). 


RESULTS 


The expected annual survival rate E(S,) and the percent relative bias 
(PRB) for all four band retention functions are given in Table 3 (Case 
1), Table 4 (Case Il) and Table 5 (Case III). The PRB is smail in band 
retention functions A and B and is larger in band retention functions 
C and D. However, the absolute bias is less than the standard error in 
nearly all instances (Tabie 6). The standard error of the estimate de- 
pends on the number of birds banded, the recovery rate, and the sur- 
vival rate. A smaller number of birds banded or a lower recovery rate 
would result in a larger estimated standard error. This would indicate 
an even smaller ratio of bias to standard error of the estimate. 

Tables 3-5 were computed with 1,500 birds banded each year and a 
recovery rate of 0.10. In general, fewer than 1,500 birds of a given age, 
sex, and species are banded each year in a particular study. Further- 
more, most species have a band recovery rate considerably less than 
0.10. This would suggest strongly that values of |6| for most studies 
would be less than those shown in Table 6 and, therefore, the confidence 
interval coverage for most real data would be closer to 95% than are 
our examples. 

We found that the bias of the estimator of annual survival rate is 
virtually independent of our choices of N,, f,. and the numbers of years 
of banding and recovery. Therefore, our results are much more general 
than the 12 specific examples reported. 

The — values of the maximum likelihood estimators for other 
models of banded adults (Models 0, 2, and 3; see Brownie et al., 1978) 
were also computed using the 12 data sets and we found them to be 
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Estimated annual survival rates and relative bias with 5S, = 0.85 and {, = 0.10 
(Case 111) with Model 1. The 5, are given as a percentage (i.e. 5, x 100). 
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generally insensitive to band loss. Bias and PRB were minimal except in 
severe cases with long-lived species. We did note that bias was slightly 
worse for the estimates of survival under Model 0. In addition, the 
estimators of annual survival for birds banded separately as young and 
adults, or young, subadults and adults (Brownie et al., 1978, Chapters 
3 and 4, respectively) are also relatively insensitive to bias caused by 
band loss. The estimators for these models are functions of row totals 
of the recovery matrix and their structure is quite similar to the esti- 
mation models for adults (Models 0, 1, 2, and 3). 

The effect of band loss on estimates of annual survival is quite marked 
in the dynamic and composite dynamic life table methods that allow only 
age-specific survival. In these models, 6, and S, are seriously confounded 
for | = age of bird or band. For example, the life table methods give 
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the following estimates of age-specific mortality rates for Case I, func- 
tion C: 43.9, 45.8, 48.1, 51.9, 57.7, 63.6, 75.0, 100.0, 100.0, etc. Because 
the true parameter for cach age is 40%, we see that not only are the 
estimators quite biased, but one could easily draw the incorrect conclu- 
sion that the population exhibits a markedly age-specific mortality pro- 
cess. The life table methods are affected badly by band loss and have 
other serious deficiencies (Burnham and Anderson, 1979). We do not 
recommend making inference from life table analyses nor can we offer 
advice on how to imterpret the present literature based on life table 
analyses. The new methods derived by Brownie et al. (1978) represent 
a substantial advance im the analysis of bird banding data. 

The goodness of fet tests presented by Brownie et al. (1978) will detect 
band loss if it is sw ystantial and if sample sizes are large. However, no 
such test of band joss is possible for the life table models because 6, and 
S, (j = age of bir? or band) are confounded (unless a separate, specific 
study is made of band loss, su as Ludwig, 1967). 


CONCLUSIONS 


The principal comcteston from these results ts that the estimates of 
adult annual survival rates with Model | are only slightly negatively 
biased by band boss. fhe effects of band loss on the estimates of annual 
survival are especial'y small for species with high mortality rates and are 
a significant problem only with long-lived species experiencing especially 
severe band loss. We again emphasize that the bias of the estimated 
annual survival rate ts not affected by our choices of numbers banded 
(N,) or recovery rates (f). The standard errors of §, will be strongly 
affected by N, and {, (se(S,) will decrease as cither N, and {, increases). 
Most real data will have fewer birds banded than 1,500 per year and 
smaller recovery rates than 10%. As a result, the applicable standard 
error of §, for real data will be larger (possibly much so) than we ob- 
tained here. It follows that the confidence /nterval coverage for S, with 
real data will be closer to 95% than the results we indicate in Table 6. 

The estimated recovery rates (1) are affected primarily by 6, and to 
a much lesser degree by subsequent annual band loss rates. If the first- 
vear band retention ts 1.00, then the recovery rate estimate will be slight- 
ly inflated (generally less than 1%). If the first-year band retention is 
less than 1.00, then Un recovery rates will be defaulted by this propor- 
vion, 

SUMMARY 


The effect of band loss on the estimators of annual survival rates given 
in Brownie et al. (1978) was ey iumed. We examined a series of band 
retention functions and sets of survival rates which cover the range of 
real-world situations likely to be encountered. Estimates of annual sur- 
vival rates were found to be only slightly negatively biased in most cases. 
The bias would be significant only for species with low mortality rates 
and severe band loss. In coptrast, the bias of age-specific survival rates 
from the life table-type methods is quite marked. 
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frsival and recovery rate Dept the magnitude of ome of he 





Pollock and Raveling (1982) recently uation in which sarvival and recovery 
emphasized the importance of considez- probabilities are positively correlated. We 
ing the assumptions underlying modern expect this situation to occur frequently 
bird banding estimation models (e.g., Se- when the banding and recovery periods 
ber 1970, Robson and Youngs 1971, are separated by time spans that are not 
Brownie and Robson 1976, Brownie etal. negligible with respect .» mortality. 
1978), and devoted special ~ttention to the Let p, be the conditional probability 
assumption that all banded individuals of that a bird is recovered in the hunting 
an identifiable demographic group (e.g., season of year i given that it is alive at 
an age-sex class) have identical survival the begianing of season i. Let S,,, be the 
and recovery probabilities for any given probability that a bird alive at the mid- 
year. They pointed out th in a large point of the ba.sding period in year i sur- 
number of instances this assumption is vives until the beginning of the hunting 
biologically unrealistic, and they approx- season in year i. Let S,,, be the analo- 
imated the bias of recovery and survival gous probability of surviving the interval 
rate estimators that could be expected to between the beginning of the hunting 
result from heterogeneous survival and season of year i and the banding period 
recovery raizs. Here, we present addi- of year i + 1. The annual surviva! prob- 
tional results that are relevant to the ability between banding periods, §,, is 
problem of heterogeneous survival and then given by the product, S,, ,S,,,. If the 
recovery rates. banding period immediately precedes the 

Pollock and Raveling (1982) presented hunting season (i.e., preseason banding), 
results on bias for cases in which (1) there then S,,, © 1.0. If the banding period is 
is a negative -elationship between sur- not preseason, then S,,, < 1.0, with 
vival and recovery probabilities of an in- smaller S,,,  orresponding to longer in- 
dividual and (2) individual survival prob- tervals (anc. hence more mortality) be- 
abilities differ but recovery probabilities tween the banding period and the hunt- 
are similar. They did not consider the sit- ing season. The recovery probability of 
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the Brownie et al. (1978) models can be 
defined as f, = Suna, 

In the case of preseason banding 
(Sa, = 1.0), it seems reasonable to ex- 
pect either no relationship or a negative 
relationship between subgroup S, and f,, 
depending on whether or not there is a 
negative relationship between hunting 
mortality (which should be reflected in 
p,) and S,,, and on whether or not this 
relationship is the basis for subgroup dif- 
ferences. When banding and recovery 
periods are separated by time spans that 
are not negligible with respect to mortal- 
ity (i.e., when S,,, < 1.0), then positive, 
negative, or no relationship between 
subgroup S, and f, is possible. If the main 
difference between subgroups involves 
hunting mortality and S,,,, then a nega- 
tive relationship between f, and S, could 
easily result. If the subgroups differed 
primarily in S,,,, but if this difference was 
not associated with differences in hunt- 
ing mortality (or p,), then no relationship 
would be expected between subgroup S§, 
and f,. However, if the principal differ- 
ence between subgroups occurs in the 
Sia,, then we would expect a positive re- 
lationship between S, and f,. In postsea- 
son or winter banding operations, we sus- 
pect (see Discussion) that subgroup 
differences in S,,, will be common, and 
sufficiently important to produce such 
positive ,elationships between S, and f,. 

Our «bjectives ax to: (1) consider the 
magnitude and direction of bias resulting 
from positively correlated subgroup sur- 
vival and recovery rates; (2) consider the 
importance of subgroup proportions in the 
population to the magnitude of bias, and 
(3) consider the power of standard good- 
ness-of-fit tests to detect heterogeneity in 
survival and recovery probabilities. 

We thank R. Wilcox for typing the 
manuscript and D. R. Anderson, K. P. 
Burnham, P. H. Geissles B. R. Noon, K. 


H. Pollock, and an anonymous referee for 
prov:ding helpful comments on an earlier 


METHODS 


Like Pollock and Raveling (1982) we 
considered Model 1 of Brownie et al. 
(1978:15-20; see also Seber 1970, and 
Robson and Youngs 1971). This model 
was developed for adult birds and is para- 
meterized with year-specific survival 
and recovery rates. The model assumes 
that all banded birds alive in year i have 


sulting from violation of this assumption. 
The Ist method involved the use of Tay- 
lor series approximations and is appar- 
ently identical to that used by Pollock and 
Raveling (1982). 

The 2nd method of approximating bias 
involved the use of computer simulation. 
For a fixed total banded sample size, we 
first used pseudorandom numbers to gen- 
erate binomial variates corresponding to 
the number of birds banded in each de- 
mographic subgroup. Then, for each 
subgroup, we used pseudorandom num- 
bers to generate the multinomial random 
vectors comprising its recovery matrix. 
The specific methods used to generate 
these matrices are similar to those de- 
scribed in Anderson and Burnham (1976: 
66). The recovery matrix for the entire 


heterogeneous population is obtained by 
summing the p matrices, and the 
estimators, f, and $, (where §, is the bias- 


adjusted survival probability estimator), 
are then computed from the population 
matrix using the equations of Brownie et 
al. (1978: 16). This process was repeated 
n times for each experimental situation 
co.sidered, and bias was estimated as the 
dif zrence between the mean of the n es- 
tiniates and the true parameter value. 
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Following Pollock and Raveling (1982), 
we report the percent relative bias de- 
fined, for example with survival rate, as: 


LOQIE(S,) — S,VS, 


where E(S,) denotes the expected value 
of S,, and S, denotes the true survival 
probability. We define average percent 
relative bias as the arithmetic mean per- 
cent relative bias for all years of the ex- 
periment for which estimates are ob- 
tained. 

We were also interested in the power 
of the Pearson chi-square goodness-of-fit 
test for Model 1 (Brownie et al. 1978: 
19-20) with respect to violation of the ho- 
mogeneity assumption. This was exam- 
ined via computer simulation using the 
same basic program used to compute the 
bias expression. For each of n heteroge- 
neous-model data sets, we computed the 
chi-square goodness-of-fit test statistic (we 
used the same cell pooling algorithm as 
in program ESTIMATE) and its associ- 
ated probability level. We obtained the 
total number of data sets resulting in 
model rejection, m, and estimated power 
as (m/n),, where power is defined as the 
probability of rejecting the null hypoth- 
esis when a is used as the rejection level 
for the chi-square test. 


RESULTS 


Using the Taylor series approxima- 
tions, anz!ytical expressions for the large 
sample bias of $, and f, can be derived 
for any given relationship between S and 
J. In general, the expressions are quite 
complex and of little practical interest. 
However, in certain s‘tuations, the sign 
and a general feel for the magnitude of 
the bias can be gained by examining the 
expressions. For example, consider the 
banding experiment consisting of k band- 
ing and recovery years where there are 
assumed to be 2 heterogeneous subgroups 
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within the population having proportions 
r and 1 —r. These subgroups may differ 
in survival and/or recovery probabilities. 
We make the simplifying assumption that 
the survival and recovery rates remain 
constant throughout the experiment 
within each subgroup and we denote the 
parameters within each subgroup by f, S$ 
and f’, S’. (The numerical results of Pol- 
lock and Raveling [1982, Table 4) are a 
special case of this situation.) By exam- 
ining the expressions for asymptotic bias 
in survival and recovery rates (Appen- 
dix), we see that: 


1. The bias in f, although small, is al- 
ways negative. 

2. The bias in S$ is positive if 

S>S'andf>f 
or S <S' and f </f’. 

3. The bias in $ may be either positive 
or negative when the relationship be- 
cween S and f is negative. However, 
for the usual magnitudes of S and f, 
the L.as will be negative, since for a 

itive bias to result, AS (defined as 
1S — $°l) would have to be quite lanes 
relative to Af (defined as |f — f’|). 

4. The bias in S$ is not greatly affected by 
the annual banded sample size, N,. 


These results are illustrated via nu- 
merical examples (Figs. 1, 2). Figure 1 
contains 3 curves representing Taylor se- 


ries approximations of average percent 
relative bias plotted as a function of the 


difference between subgroup survival 
probabilities (AS). The 6 plotted points 
corresponding to each line represent the 
bias as estimated from Monte Carlo sim- 
ulations (each point obtained from 1,000 
iterations). The simulated bias estimates 
correspond closely to the Taylor series 
approximations and indicate that the ap- 
proximations are quite reasonable. We 
assumed 2 subgroups with survival prob- 
abilities of S = 0.5 ~— AS/2, S' = 0.5 + AS/. 
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AVERAGE PERCENT RELATIVE BIAS 











The 3 curves correspond to the follow- 
ing 3 sets of subgroup recovery probabil- 
ities: plot A, f = 0.025, f’ = 0.075; plot B, 
f =f = 0.05; plot C,f = 0.075, f' = 0.025. 
We assumed 0.50 of the population and 
banded sample in each subgroup. Final- 
ly, we assumed a 5-year banding program 
with 2,000 hirds banded annually. Figure 
2 assume, . same experimental situa- 
tion as Fig. | but includes bias plotted as 
a function of the difference betweer 
subgroup recovery probabilities (Af). The 
3 curves in Fig. 2 correspend to the fol- 
lowing sets of survival probabilities: plot 
A, S = 0.40, S' = 0.60, plot B, S = 
S' = 0.) plot C, § = 0.60, S’ = 0.40. 


by Pollock and Raveling (1982), a posi- 
tive reiztiunship between the probabili- 
ties can result in large positive bias (Figs. 
i, 2). 

Most of the numerical examples of Pol- 
lock and Raveliig (1982) assume equal 
sizes for all su. _ > »wos. However, the bias 
resulting from survival rate heterogene- 
ity is a function of the proportions in each 
subgroup (see bias expression in Appen- 
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Fig. 2. Average percent relative bias of S, plotted as a 
function of the difference between subgroup recovery 
probabilities (4/). In all plots, f = 0.05 — Af/2, f’ = 0.05 + 
4f/2. Subgroup survival probabilities are: plot A, S = 0.40, 
S’ = 0.60; plot B, S = S’ = 0.50; plot C, S$ = 0.60, S’ = 
0.40. Ali plots assume equal proportions (0.50) of the pop- 
ulation and banded sample in each subgroup, and 2,000 


birds banded annually for 5 years. The curves represent 
Taylor series approximations. 


dix). We plotted Taylor series approxi- 
mations of average percent relative bias 
as a function of the proportion of the pop- 
ulation in subgroup 1 (characterized by S 
and f), for the following parameter val- 
ues: plot A, S = 0.30, S’ = 0.70, f = 0.025, 
f' = 0.075; plot B, S = 0.30,S' = 0.70, f = 
f’ = 0.05; plot C, § = 0.30, S’ = 0.70, f = 
0.075, f’ = 0.025 (Fig. 3). We assumed a 
5-year banding program with 2,000 total 
birds banded annually. Monte Carlo sim- 
ulations with extreme subgroup propor- 
tions (e.g., 0.05, 0.95) again indicated that 
the Taylor series approximations were 
quite reascnable. Plot C (negative rela- 
tionship between f and S) is fairly sym- 
metrical with the greatest bias occurring 
around equal subgroup proportions of 0.5. 
However, in plots A and B (positive re- 
lationship between S and f, and no rela- 
tionship), bias is greater when a larger 
proportion of individuals is in the low 
survival probability subgroup (and, in the 
case of plot A, the low recovery proba- 
bility subgroup). This skewness with 
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f'= 
* = 0.025. All plots assume 2,000 birds banded 
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positive relationship and no relationship 
between S and f is even more pro- 
nounced with greater differences in 
subgroup survival probabilities (greater 
AS). 

Brownie et al. (1978) provided good- 
ness-of-fit tests to determine whether or 
not a given model seems to fit a particular 
band recovery data set. If these tests are 
likely to detect violations of the homo- 
geneous survival and recovery probabil- 
ity assumption, then biased estimators 
will not present as big a problem as when 
the violations are not detectable. We 
plotted empirical power estimates (a = 
0.05) for the Model 1 goodness-of-fit test 
(Brownie et al. 1978: 19-20) (Fig. 4). Plots 
A, B, and C represent the same sets of 
subgroup recovery probabilities as in Fig. 
1. We again assumed 5 years of banding, 
equal proportions in each subgroup, and 
2,000 total birds banded annually. The 
estimated power of the goodness-of-fit test 
to reject the inappropriate Mode! 1 was 
low for lower values of AS in all plots 
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test to reject Model 
. In all plots S = 0.50 — AS/2, S’ = 0.50 + AS/2. Subgroup recovery 
= 0.025, f’ = 0.075; plot B, f = f’ = 0.05; plot C, f = 0.075, f’ = 0.025. i talieé paleie copene 
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proba- 


pond tt ed. Se eS ee and 2,000 birds banded annually for 


5 years. The plotted points represent 


(Fig. 4). These lower AS values also cor- 
respond to the smaller biases of survival 
rate estimates (Fig. 1). At larger values of 
AS (e.g., AS > 0.40), estimated power dif- 
fered substantially for the 3 kinds of 
subgroups considered. The test was most 
powerful in the case of a negative rela- 
tionship between subgroup survival and 
recovery probabilities and least powerful 
when a positive relationship existed. 

We also plotted estimated power of the 
goodness-of-fit test as a function of band- 
ed sample size (Fig. 5). Plots A, B, and C 
correspond to the same sets of subgroup 
survival and recovery probabilities as in 
Fig. 3. We again assumed 5 years of band- 


Monte Carlo simulation results (1,000 iterations each). 


ing. In all 3 plots, the estimated power of 
the test increased with banded sample 
size. The 3 plois differed substantial- 
ly, with the greatest power correspond- 
ing to the subgroup with negatively re- 
lated S and f. 


DISCUSSION 


When considering the implications of 
our results for actual banding studies it is 
important to keep in mind the kinds of 
heterogeneity that might exist in migra- 
tory bird populations. Pollock and Rav- 
eling (1982) provided an example of Can- 
ada geese (Branta canadensis maxima) 
banded at Marshy Point on Lake Mani- 
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toba, Canada, which represented 2 pop- 
ulation segments that wintered in differ- 
ent areas. In most duck species, it is not 
unusual to find birds banded in specific 
breeding areas and recovered in a variety 
of different wintering areas. Similarly, 
birds from a particular winter-banded 
sample are often recovered in different 
breeding and staging areas in the fall. In 
banding analyses it is common to com- 
bine different banding stations within a 
relatively large geographic area into 
banding reference areas. While such areas 
are usually defined based on similarity of 
recovery distribution of birds banded at 
the included stations, it is certainly pos- 
sible that the use of reference areas might 
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result in the combination of population 
segments that differ to some degree in 
migration pathways. In any case, differ- 
ences in migration pathways, breeding 
grounds and wintering grounds are ex- 
pected to result in differences in environ- 
mental conditions and hunting pressure, 
and thus in possible differences in sur- 
vival and recovery probabilities. 

If reproduction increases mortality risks 
of birds (Johnson and Sargeant 1977, Bai- 
ley 1981) then breeding and nonbreeding 
segments of a population would be ex- 
pected to exhibit different survival prob- 
abilities. Age may represent another 
source of heterogeneity in survival and 
recovery probabilities. Winter-banded 
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birds of many species are not separated 
by age-classes when banded. Although 
survival and recovery rates of first year 
vs. older winter-banded mallards (Anas 
platyrhynchos) from Colorado were sim- 
ilar (Hopper et al. 1978), it is certainly 
possible that this is not true of all other 
waterfowl species (e.g., diving ducks 
seem to exhibit greater age-specific di- 
morphism in winter). Preseason-banded 
birds are generally assigned to either of 
2 age-classes (adult or young), but test re- 
sults of Anderson (1975:18-19) suggest 
that in some areas subadult mallards may 
exhibit different survival and recovery 
probabilities than either adults or young. 

In many of the previous examples of 
sources of heterogeneity, it is probably 
most useful to think of a population or 
banded sample as consisting of discrete 
population segments. However, when 
some sources of heterogeneity are con- 
sidered it may be more useful to think of 
survival rates as differing from individual 
to individual and following some proba- 
bility distribution (see model M, of Otis 
et al. 1978). For example, phenotypic 
variation in the ability to withstand pe- 
riods of severe winter stress and even 
variation in tendency to follow different 
migration pathways might be assumed to 
vary from individual to individual in a 
population, resulting in a specific surviv- 
al and recovery probability being asso- 
ciated with each individual. Pollock and 
Raveling (1982) modeled this situation by 
allowing individual survival rates to fol- 
low a series of beta distributions, but their 
conclusions about estimator bias were 
qualitatively similar to those they ob- 
tained with the discrete population seg- 
ment model. Because of the qualitatively 
similar results of the 2 approaches and 
because of our interest in sources of het- 
erogeneity that are likely to result in pop- 


ulation segments, we only considered this 
approach in the present work. 

Our results have emphasized the im- 
portance of the relationship between in- 
dividual survival and recovery probabil- 
ities to the bias resulting from such 
heterogeneity. In general, presence of a 
negative relationship between S and f 
tends to result in negatively biased sur- 
vival estimates. Uncorrelated and posi- 
tively correlated S and f tend to produce 
positively biased survival estimates, often 
of greater magnitude. We expect winter 
banding operations (or any banding op- 
eration separated from the recovery pe- 
riod by a substantial amount of time) to 
often result in positively related S and f, 
while preseason-banded birds may ex- 
hibit either no relationship or a negative 
relationship between S and f. This ob- 
servation may explain the tendency in 
some species (mallards, J. Nichols, un- 
publ. data; black ducks, Anas rubripes, 
W. Blandin, unpubl. data) for survival es- 
timates of winter-banded birds to be 
somewhat higher than those of presea- 
son-banded birds. The proportion of in- 
dividuals in each population subgroup 
also influences the magnitude of the re- 
sulting bias of survival rate estimates. In 
the cases we examined (which included 
a number of situations in addition to those 
presented in Fig. 3), negatively related S 
and f tended to exhibit the greatest bias- 
es when subgroup proportions were sim- 
ilar (~0.50). However, with uncorrelated 
and positively correlated S and f, the 
largest biases occurred when a larger pro- 
portion of the population was in the 
subgroup with the lower S. 

Our empirical power estimates of the 
Brownie et al. (1978) goodness-of-fit test 
were low for small to moderate differ- 
ences between subgroup survival proba- 
bilities (AS), but biases were also rela- 
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tively small for such differences. In the 
case of positively correlated S and f, the 
power of the test was low for all AS ex- 
amined. Therefore, among the situations 
we examined, the power of the goodness- 
of-fit test was lowest for the situation 
(positively related S and f) producing the 
largest relative bias. Power of the test in- 
creased with increasing banded sample 
sizes, as expected. 

Our suspicion that winter banding pro- 
grams of heterogeneous populations tend 
to produce a positive correlation between 
subgroup survival and recovery probabil- 
ities leads us to suggest that preseason 
banding programs should offer somewhat 
more protection from survival estimate 
bias resulting from heterogeneity. The 
absolute value of relative bias of the §, 
resulting from negatively correlated and 
uncorrelated S$ and f (as expected from 
preseason programs) is smaller than for 
the situation of a positive correlation. In 
addition, the goodness-of-fit test was more 
powerful in the situations expected to ac- 
company preseason banding, although 
even then this test is not expected to be 
of much use in detecting heterogeneity 
at expected levels with normal sample 
sizes. Finally, we emphasize that por- 
tions of our figures represent situations 
that are unrealistic. For example, we al- 
lowed the difference between subgroup 
survival probabilities (AS) to range be- 
tween 0.0 and 1.0 in Figs. 1 and 4. When 
considering the possible biological 
sources of heterogeneity that we have 
discussed, it seems that most situations 
would probably involve AS < 0.20, with 
AS < 0.10 being most common. For AS in 
this range, relative biases of the §;, are 
small, especially when considered in re- 
lation to their standard errors (estimated 
standard errors of the annual survival es- 
timates generally would be expected to 
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range from approximately 0.05 to 0.10 for 
the situations considered in Figs. 1-4, and 
would be larger with smaller banded 
sample sizes). Larger AS may exist in 
some instances (Pollock and Raveling 
1982), but we suspect they will represent 
rare situations. 
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APPENDIX 


An analytical expression for the large 


sample bias of f, and §, is given for the 
situation described in the text. We as- 
sume that 


1. 


There are 2 heterogeneous subgroups 
within the population which differ in 
recovery and/or survival rate. Let r and 
1 — r denote the proportions of the 
population in subgroups | and 2, re- 
spectively. 


. There are k banding and recovery sea- 


sons within the banding experiments. 


. The recovery and survival rates are 


constant within each subgroup over the 


course of the experiment. 


We define f =rf + (1 — r)f’ and S = 
rS + (1 — r)S’ to be the “average” recov- 
ery and survival rates in the population. 
Let 


8 = ff'r(l - NZ’ -~$"), 


~~ > NAS!) — $'4), 
=1 


and B =r(l-—r\(S -8¥ 
(sry - sr) 
Then for large samples we have 
E(f,) ~ f - &/E(T)), 
and E(S,)~ $ + [8iy/E(T,) + BV/pis, 


thi, be » [rS4f + (1-n)S"f"] 
=0 


is the probability of ever recovering 
a bird banded in year i, and T; is the 
ith block total of the recovery matrix (see 
Brownie et al. 1978: 13). 

Then Bias (f,) = —6y,/E(T;) < 0, 


and _ Bias (S,) = [&:/E(T;) + BVpiss 
>0 


if S>S' and f2f' 
or S<S' and f<f". 
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ASSUMPTIONS OF MODERN BAND-RECOVERY MODELS, WITH 
EMPHASIS ON HETEROGENEOUS SURVIVAL RATES 


KENNETH H. POLLOCK.’ Division of Statistics, University of California, Davis, CA 95616 
DENNIS G. RAVELING, Division of Wildlife and Fisheries Biology, University of California, Davis, CA 95616 


Abstract: The assumptions inherent in modern band-recovery models are reviewed with particular at- 
tention to homogeneity of survival and band-recovery rates for all individuals in the population. If this 
assumption fails, the following implications emerge: (1) the models only enable estimation of average 
annual survival and band-recovery rates; (2) estimators of these averages probably give underestimates; 
(3) the degree of underestimation in practical studies is difficult to assess, but may sometimes be important 
for survival estimates; (4) if sampling is nonrandom and heterogeneity of survival and recovery rates is 
present in the population, then any estimates could be misleading; and (5) if survival rates are homogeneous 
but recovery rates are heterogeneous (due perhaps to geographical variation in hunting pressure and 
reporting rates), then there is no bias in survival estimates. An example where data from neck-collared 
birds showed heterogeneity in segments of a Canada goose (Branta canadensis) population is discussed. 
We believe that the practical limitations of bird-banding studies deserve careful review by population 


biologists and managers. 
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Band-recovery data have long been 
used to estimate mortality rates in ex- 
ploited migratory bird populations. How- 
ever, it is only in recent years that meth- 
ods of analysis of banding data have been 
rigorously considered. By making certain 
assumptions, Seber (1970, 1971, 1972, 
1973) formulated a rigorous statistical 
model that gave rise to explicit maxi- 
mum-likelihood estimators of survival- 
and recovery-rate parameters. Extensions 
allowing for age dependence of survival 
and recovery rates were made by John- 
son (1974), Brownie and Robson (1976), 
and Brownie et al. (1978), who, in a com- 
prehensive monograph, detailed a vari- 
ety of age-dependent models. 

Development of modern methods 
clearly identified the weaknesses of some 
of the older procedures such as the com- 
posite dynamic life table. Burnham and 
Anderson (1979) analyzed 45 substantial 
data sets from migratory waterfowl band 
recoveries and demonstrated that the 
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composite dynamic life table should no 
longer be used, as only 2 data sets (4%) 
fit the snodel at a = 0.05. 

Burnham and Anderson (1979) also 
found that modern methods are not nec- 
essarily always adequate for analyzing 
banding data, as 14 of 45 data sets (30%) 
did not fit. In this paper we further ex- 
amine the assumptions of the modern 
methods. 

An importaiit assumption of all recov- 
ery models is that all banded individuals 
of an identifiable class (e.g., by species, 
age, sex) in the sample have the same an- 
nual survival and recovery rates (Brown- 
ie et al. 1978:6). We consider what hap- 
pens when this assumption fails, and the 
importance of random sampling in con- 
junction with homogeneity of survival 
and recovery rates. 

First, we consider a specific model 
(Model 1: Adults Only Banded) when the 
homogeneity assumption holds. We shall 
refer to this as the Homogeneous Popu- 
lation Model. This will be followed by 
the same model when the homogeneity 
assumption fails, the Heterogeneous 
Population Model. We discuss a popula- 
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tion of Canada geese for which segments 
with heterogeneous survival and recov- 
ery rates are known to exist from the use 
of individually identifiable neck-collared 
birds (Raveling 1978). Finally, we pro- 
vide a general discussion of all the as- 
sumptions underlying modern band-re- 
covery models, with an emphasis on the 
practical implications of assumption fail- 
ure. 

We thank D. R. Anderson, D. W. An- 
derson, K. P. Burnham, D. S. Gilmer, D. 
H. Johnson, and R. M. McLandress for 
helpful comments on an earlier version 
of the manuscript. 


HOMOGENEOUS POPULATION 
MODEL 


Here we consider the situation where 
all birds are banded as adults and all 
birds have the same survival and recov- 
ery rates in a particular year (Model | of 
Brewnie et al. 1978:15). For simplicity, 
we will also assume the number of years 
of recoveries is the same as the number 
of years of banding. 

The data matrix for observed recover- 
ies is given in Table 1. Under this model, 
each row of recoveries follows a multi- 
nomial distribution, and the expected re- 
coveries take the form given in Table 2. 

The maximum-likelihood estimators of 
the survival- and recovery-rate parame- 
ters are given by the following equations: 


*(K- 4)/(N") 


(1) 


f= Ne (2) 


If we assume the model is correct, then 
Eq. (2) gives unbiased estimators of the 
recovery rates. The survival-rate esti- 
mators (Eq. {1]) are biased, but the bias 


is small for banding studies of reasonable 
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Year Number Row 
handed handed 1 2 3 ks totals 
! N, R, Re Ris Ry, AR, 
2 N, ‘’ R, RR Ry AR, 
3 N, T; R,; Ry, A, 
T; 
k N, Ry Ry, 
Column totals SF. G& G&... G 





* T, is a rectangular block of data with T, « RB, T, = A+ T,, - CG, 
fori = 2. ... hk, where R, is the ith-row tetal and C, who Ghetans 
total for i= 1,....k 


size. The maximum-likelihood estimator 
adjusted for bias is 


8=(5 -F)/(Nsi) 
HETEROGENEOUS POPULATION 
MODEL 


This is the same model, except now 
each bird has its own specific survival 
and recovery probability for a given year. 
Also, all survival and recovery rates for 
the birds banded are a random sample 
from a multivariate probability distribu- 
tion. Under this model, it is easy to show 
(Seber 1973:316) that each row of recov- 
eries is still multinomially distributed as 
before, but now the expected numbers of 
band recoveries differ (Table 3). 

All expectations E(-) are with respect 
to the appropriate multivariate probabil- 
ity distribution. Suppose, for example, 
we consider E(S,S,f,), then 


E(S,S2fs) 
7 | ' | | ' §,Seff(S,.Sefa) dS, dS, df, 
with f(S,,S,,f,) the joint distribution of 


S,, S,, and f, for the whole population of 
animals. Put in simple terms, E(S,S,f;) 
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Table 2 The expected number of band recoverres under the Homogeneous Population Model 











ees : Recovenes b- hunting season 

handed handed i 2 3 t 
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3 N, NJ, +o N,S, ... Sete 
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*{, 5 the recovery rate for year ¢, Le. —~ ry 1 PT eT PS Gene and ts: band reported fori i,t 


*S, is the survival rate from year i to year 1 + I fori = 1 


is the average value of the product S,S.f, 
over the whole population. If results like 


E(S,S.f,) = E(S,)E(S,E(Vf,) (4) 


were true for all the products, then Table 
3 would have the same form as Table 2, 
with average values replacing the | con- 
stant value for all animals. In this in- 
stance, the estimators (Eqs. [1] and [2)) 
would have the same properties as be- 
fore, except they would be estimating av- 
erage survival and recovery rates. Ac- 
tually, the result is only true if animals’ 
survival rates and band-recovery rates are 
completely independent of each other. 
This is extremely unlikely in practice. It 
is likely that survival rates from year to 
year for the same animal will have a 
strong positive relationship. Also, the re- 
lationship between survival and recovery 
rates is likely to be negative, because re- 
covery typically occurs for those animals 
killed by hunters. 

Using Taylor Series approximations 
(Seber 1973:7), approximate expectations 
can be derived for the estimators $, and 
J, in Eqs. (3) and (2). We find 


Bis) ~[ (5) — B00] /8( 9 
and 
eu -e(R) EI ° 
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which can be expressed in terms of the 
expected values (Table 3). 


E(f,) -— Ef) + E(SS...) 

+ E(S,S,.fi.e) +... 

+ E(S,...Seife) 
EU...) + ElSiedie) +. 
+ F(S,.,... Se—-fe) 
The expected value of §, given in Eq. (6) 
is a very good approximat.on because of 
the independence of nume- ator ard de- 

nominator in the estimator (.2::. {3)). 

To find the E(j,) in Eq. (), it is only 
necessary to give express: < for E(R,/ 
N,), E(C,), and E(T,), whick we summa- 
tions of the appropriate cells (Table 3). 
Bias expressions are then calculated as 
follows: 


B(S,) = E(S,) = E(S,) (7) 
Bj.) = EV) - EV). (8) 
The percent relative bias is determined 
by dividing the bias by the true value of 


the parameter and expressing as a per- 
centage. 


NUMERICAL ANALYSIS OF BIAS 


The dynamics of exploited populations 
are poorly understood. Although it is 
likely (from density-dependent factors 
influencing survival) that hunting mortal- 
ity is partially compensated for by a de- 
crease in natural mortality (Anderson and 


E(S,) = (6) 
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Table3 ‘he expected number of band recovenes under the Heterogeneous Population Mode! 
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Bumham 1976, 1978), the exact relation- 
ship is unknown. This uncertainty makes 
analysis of the bias due to the existence 
of heterogeneity of individuals with re- 
spect to survival and recovery extremely 
difficult 


First, let us consider the situation of 2 
or 3 population segments of equal size 
with a wide range of heterogeneous sur- 
vival rates such that the average annual 
survival rate of the whole population is 
held constant at either 0.3 or 0.6. For 
each case, we consider a wide range of 
heterogeneous recovery rates with a con- 
stant average of 0.05. The averages of 
the percent relative bias values for the 
yearly survival-rate estimators over a 3 
or 5-year banding study are presented in 
Tables 4 and 5. These results show that 


for a given amount of heterogeneity in 
the survival rates, the bias moves from 


positive to negative as the recovery rates 
of the segments become more different. 
The values for 2 puvpulation segments 
(Table 4) are more ext:eme than those for 
3 population segments (Table 5). 

Now we consider the more realistic sit- 
uation of a heterogeneous population 
where individual survival rates follow a 
series of beta distributions (Johnson and 
Kotz 1970), with the average annual sur- 
vival rate held constant at 0.33, 0.5, or 
0.67. For each case, we consider 2 very 
different relationships for the recovery 
rates. First, we assume that the individ- 
ual’s recovery rate is independent of its 
survival rate and that the average annual 
recovery rate over the population is 0.05. 
Second, we assume that the individual's 
recovery rate is a constant proportion of 
its mortality rate (1 minus the survival 
rate), so f = a(1 — s), and that the average 

















Table 4 Average perce’! retstve thas of survival rate estymato s for a heterogeneous popyishon eth 2 populston 
segments for 3 and 5 years of banding date 
Papeete! carer al rates 
eS) «O35 £15) « 06 
Serviced nates of segment: Servis! rates of segments 
ou on5 64.62 045.015 07.05 On 04 e003 

he + OSi+ L3P + 22+ SO + 50(+109) + ORi+ 29 + 33+ 87) + 751+ 
i ~ 37(- 29 ~ 62(- 3S) ~- 75i- 1H -~- 331-20 - Sil+ OS) ~- SOl+ 7H 
i ~ 80(- 7D ~148(-126) -208(-156 - 77(- 65) -139(- 68 -185(- 68) 
Iv ~123(-11L8) -238(-226 -350(-315 -121(-115 ~-233(-199 -334(-247) 
v 167(-167) -333(-333) -5300(-300 -167(-167) -3335(-0D -5300(-30 





* The -eoowery rates of the 2 population segment: are | 005. O65 fl OGITS OGRES I O ORS OOTS TV OO1ZS OGRTS and V 00) 


tn oD ces Ef) - OG 
* Fogure: in parentheses are S veer vahwes 
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Table S Average percent reiatrve thas Of survival-rate estrma’ors tor a heterogeneous population enth 3 poputshon 


segments for 3 anc 5 years of Dancing data 

















bapected «arr al rates 
fs) - 03 fis) - 08 7 
Survival cate af cogent: Surreal rate of werent 
6nwomy 04-62 oeals 07.05 ona ee4) 
r + O4(+ OBF + LSi+ 3D + 341+ 74) + OBl+ LS + 2Q2i+ SH + 501(+12H) 
u 24(- 20 - 41(- 23) - 5O0(- 10 - 22(- 13) - 33(+ 04) - 331+ 48) 
il - 5$2(- 48 - GBi- 82 -137(-101) - S1i- 42) -~ OIf- 5&7) -121(- 44 
IV ~ B1t- 7H -157(-45 -227(-1999 - 80(\- 79 -151(-24# -214(-15) 
Vv -110;-s) 2171-211) -321(-M7) -109(-108 -214(-0® -313(-2D 





* There are } population segments evth carve cates of © 1S. 0 3 aed O25 bn all cases the muddle survrwal rate » the same as ES) 
* The recovers rates of the | population seqeecet: ae | O05. 045. 005 I OGITS OG OGRES If 6475 045 OO7S. TV OOS Om. 


OG57TS anf V 6.005. 01 
' Pequres om parcathese: are Serer + aber. 


annual recovery rate over the population 
is 0.05. The average percent relative bias 
of survival-rate estimators over 2 3 or 
5-year study varies (Table 6). These re- 
sults show that the bias in the survival- 
rate estimators is very dependent on 
which relationship between recovery 
rate (f) and survival rate (s) is considered. 
If the recovery rate is independent of the 
survival rate, then there is a positive bias 
that is most severe in longer studies and 
when the average annual. survivial rate is 
low. If the relationship is f = a(l — 5), 


Tapte 6 


then there is a negative bias that is most 
severe in shorter studies and when the 
average annual survival rate is high. 


It is difficult to make strong quantita- 
tive statements about the nature of the 
bias of survival- and recovery-rate esti- 
mators in banding studies. First, the ex- 
act nature of the relationship between 
survival and recovery rates is unknown. 
Second, few data are available docu- 
menting the nature of heterogeneity for 
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most species. However, that recoveries 
frequently occur in widely different geo- 
graphic areas from banded samples of 
migratory waterfowl demonstrates that 
different paths (population segments) ex- 
ist (Bellrose 1976). In fact, brood mates 
raised on the same pond may undertake 
drastically different migrations (Martin- 
son and Hawkins 1968). Therefore, indi- 
viduals within banded samples are ex- 
posed to different environmental 
conditions including hunting pressure 
and cooperation in reporting bands (Hen- 
ny and Burnham 1976). Thus, it is pos- 
sible to provide some useful new quali- 
tative statements about the nature of 
possible bias of survival- and recove:; 
rate estimators when heterogencity is 
present in the population. Readers should 
also keep in mind that bias is of relative- 
ly more practical importance in precise 
studies where the standard errors are 
small. 

Rececery Estimators.—1) Wf popula- 
tiun segments have the same survival 
rates but different recovery rates, then 
there is no bias in the estimator of the 
average recovery rate. (2) If population 
segments have heterogeneous survival 
and recovery rates, then the recovery -rate 
estimators at the beginning and end of a 
study always have no bias and those in 
the middle have a negative bias. The bias 
is more severe for species where the av- 
erage survival is high and for studies of 
longer duration. The degree of bias is 
much less than for the survival-rate esti- 
mators and can probably be ignored for 
most practical purposes. 

Survival Estimators. — 1) If population 
segments have the same survival rates 
but different recovery rates, then there is 
no bias in the survival estimators. This 
could occur if there were reporting rate 
changes in different geographical areas 
(Henny and Burnham 1976). (2) If surviv- 


}. Wildl. Manage. 46 1): 1982 


al probabilities are heterogeneous over 
the population, there is likely to be a 
strong positive relationship between the 
survival probabilities of an individual 
from year to year. There is also likely to 
be a negative relationship between s*::- 
vival and recovery probabilities for an in- 
dividual. In this situation, survival-rate 
estimators will generally have a negative 
bias. The negative bias will be more se- 
vere for species where the average sur- 
vival rate is high and for studies that are 
of short duration. The seriousness of this 
negative bias to a banding study wil! de- 
pend on the species under study and will 
be hard to evaluate in general. (3) It is 
theoretically possible for the survival- 
rate estimators to have a positive bias. 
This could occur if there were segmerts 
with markedly different survival rates but 
similar recovery rates. This implies that 
the difference in survival of the segments 
would have to be mostly due to differ- 
ences in natural mortality. This could oc- 
cur if drastically different environmental 
conditions were encountered by the seg- 
ments (e.g., disease level, food supply, 
weather). All of these factors can vary on 
a local or regional scale. 


A CANADA GOOSE POPULATION 


There has been little documentation of 
the existence of populations of migratory 
birds with heterogeneous survival and 
recovery rates. A major reason is that 
most studies on the dynamics of migra- 
tory bird populations are based on data 
from band recoveries from dead birds. 
These data are not suited to a thorough 
examination of the nature of possible het- 
erogeneity . 

The analysis of the geographic distri- 
bution of band recoveries does indicate 
the segments of a population of banded 
individuals may take different migratory 
routes. A good example comes frot \ the 
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study of Anderson and Sterling (1974) on 
pintail (Anas acuta) drakes banded in 
Saskatchewan: “Banded pintail drakes 
were taken by hunters in Canada, all four 
Flyways in the United States, in Mexico 
and in Russia, with a single report from 
Cuba.” We believe that it is like'~ that 


pressures and environmental conditions. 
Six of the 8 pintail data sets analyzed by 
Burnham and Anderson (1979) dic not fit 
modern methods of analysis, however, 
we emphasize that other explanations are 
possible. 

An alternative type of data, not without 
its own problems, is repeated observa- 
tions of individually identifiable birds on 
both the breeding and wintering grounds. 
This approach was taken by Raveling 
(1978), who described a population of 
giant Canada geese (B. c. maxima) neck- 
collared at Marshy Point Goose Sunctu- 
ary on the southeastern shore of Lake 
Manitoba, Canada, during the summers 
of 1968-70. 

From 1968 to 1976, the marked geese 
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areas at Marshy Point and on wintering 
grounds at Rochester, Minnesota; Kir- 
win, Kansas; and Swan Lake, Missouri. 
Raveling (1978) concluded that this pop- 
ulation of geese consisted of segments 
with differing hunting mortalities and 
overall survival rates. About 75% of the 
birds migrated to Rochester, Minnesota, 
and were subjected to an annual hunting 
mortality rate of about 19% end total an- 
nual mortality of 25%. The remainder cf 
the birds wintered it. several areas, with 
most (15% of the total population) going 
to Kirwin, Kansas. They had an annual 
hunting mortality of about 48% and a to- 


and perhaps some bias due to collar loss. 

To obtain an approximation of the de- 
gree of bias in a traditional banding study 
on this population, let us assume we have 
a population of adult birds divided into 
2 segments (Table 7). These characteris- 
tics describe the population based on di- 
rect observation of 90% of the marked in- 
dividuals (Raveling 1978). However, this 
is admittedly still a simplification of the 
real population. Based on 3 years of data, 
the expected value of the survival esti- 
mator from Eq. (6) is approximately 0.69, 
as compared with the average population 
value of 0.75. This gives a relative bias of 
about - 8%. Over a longer study the bias 
would be less. 

More important to the biologist than 
any negative bias of the average survival 
estimate is that a traditional banding 
study would have revealed almost noth- 
ing about the characteristics of the seg- 
ments. The segment not going to Roch- 
ester (25%) was being subjected to a high 
mortality rate clearly beyond the repro- 
ductive potential of geese. Such differ- 
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ential mortality rates for segments could 
cause rapid distributional changes and 
have important implications for manage- 
ment (Raveling 1978). 
A REVIEW OF THE ASSUMPTIONS 
OF MODERN BANDING MODELS 
Considering the attention giv -n in the 
literature to the assumptions of capture- 
recapture sampling (Cormack 1968, Se- 
ber 1973), bard-recovery models should 
be subjected to the same scrutiny. Here 
we consider all of the assumptions of 
Brownie et al. (1978-6), with an emphasis 
on the practical implications of assump- 
tion failure. 


The Sample is Represertative of 
the Target Population 

This assumption is important, particu- 
larly if heterogeneity of survival and 
band-recovery rates occurs. Let us take 
an extreme example for illustration, 
where we have a population composed 
90% of birds with an annual survival rate 
of 0.8, and 10% of birds with an annual 
survival rate of 0.4. The average survival 
rate for the population is 0.76, Lut sup- 
pose nonrandom sampling makes our 
population appear equally divided into 2 
segments. The apparent average survival 
rate is 0.6, and in a 5-year banding study 
there would also be a negative bias on 
survival estimators. The expected value 
of the survival estimators would be ap- 
proximately 0.55 if we assume recovery 
rates of 0.025 and 0.075 for the 2 seg- 
ments (iq. [6)). 

The following are some possible caus- 
es of nonrepresentative samples. (1) Seg- 
ments may use different parts of a staging 
or winter area due to behavioral charac- 
teristics of the species. This has been 
demonstrated in the stratification of Can- 


ada goose population segments at a mi- 
gration stopover and winter location 


J]. Wildl. Manage. 46/1): 1982 


Hey soceNnoUs Survival ures: P "eck end Raveling 


(Ravelirg 1979). If this heterogeneous 
spatial distribution on a small scale is ig- 
nered and only easily accessible ares. are 
sampled rather than using a random sam- 
ple. large biases could result. (2) Banding 
at different times on a staging area could 
be of segments with different timing of 
migration or different wintering grounds 
and, hence, possible different survival 
rates. Canada geese banded at the same 
trap sites in July, August, and Sentember 
had different migration patterns, and thus 
different proportions of segments were 
sampled in the different time periods 
(Raveling 1978). Dispersal away from na- 
tal sites and concentration at staging 
areas before autumn migration are com- 
mon features of many duck populations 
(Bellrose 1976). It is likely that trapping 
efforts capture varying components of 
dispersing birds, which represent difler- 
ent characteristics in terms of their molt 
and behavior patterns that could be re- 
flected in different migration patterns 
and vulnerability to hunting. (3) Bandi. g 
is likely to be nonrandom with respect to 
age- and sex classes in a population (Rav- 
eling 1966). This could be important if 
age and sex categories cannot be accu- 
rately established in the field. It is com- 
mon during winter banding of several 
duck species to consider all birds adults, 
because the molt of juveniles has pro- 
gressed to make them nearly indistin- 
guishable from adults when plumage cri- 
teria are used to separate age-classes. I: 
is well known that different age and sex 
categories may have different survival 
rates. 


Age and Sex of individuals are 
Correctly Determined 

This is related to (3) above, and will 
clearly depend on the species being stud- 
ied. If the assumption is false, one will, 
in effect, have segments of different age 
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and sex categories, which is likely to 
cause heterogeneity of survival and re- 
covery rates. 


There is No Band Loss 


This is rarely completely true, but it is 
likely that for recent studies the loss rate 
is low. Nelson et al. (1980) examined this 
assumption and found that there is a neg- 
ative bias on survival estimators that is 
worse for species with high survival 
rates. They concluded that, unless band 
loss was high, this bias would be of little 
significance. However, it does occur on 
occasion, especially for sea birds and rap- 
tors. Ludwig (1967) documented severe 
band loss in a study on ring-billed gulls 
(Larus delawarensis) in the Great Lakes. 


Survival Rates are Not Influenced 
by Banding 


This assumption is important because 
if there was substantial mortality due to 
banding, the survival estimators would 
not apply to the noabanded birds. Direct 
damage will depend on the species and 
the method of capture, and should usu- 
ally be detectable by experienced biolo- 
gists. Detection may not always be easy, 
however. For example, Lensink (i964: 12) 
concluded that serious injuries to duck- 
lings caught by dogs were frequently un- 
detected, as band-recovery rates from 
those birds were much lower than from 
birds caught in traps. Indirect damage by 
dispersing family groups and other social 
relationships is more subtle, but may be 
more common than assumed. 


The Year (Hunting Season) of Band 
Recoveries is Correctly Tabulated 


Errors here are probably rather infre- 
quent and should not cause major diffi- 
culties in most practical applications of 
the models (Anderson and Burnham 
1980). However, errors do occur and usu- 
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ally involve a hunter reporting a band 
taken in a later season than when it ac- 
tually was taken. Raveling (unpubl. data) 
has 9 records of instances in which a 
band was sent in with the wrong season 
identified (of 327 recoveries, or a mini- 
mum of 2.8% error). Reasons for this oc- 
curring inclde fears by hunters of gov- 
ernment apprehension when sending a 
band in after a hunting season had 
closed; sending in bands as taken in a 
year when a hunter's interest was stim- 
ulated by friends or game department of- 
ficials, but after the banded bird(s) had 
been obtained; fear of reporting bands of 
birds k_lled outside the legal hunting sea- 
son; and hunters reporting band numbers 
from birds previously taken by friends or 
acquaintances as being taken by them- 
selves in the current year. To the extent 
that such instances occur, they operate to 
produce a positive bias on survival esti- 
mators. 


The Fate of Each Banded Individual 
is Independent of the Fate of 
Other Banded Individuals 


This assumption is probably violated 
in many practical applications of bird- 
banding models. Birds are not indepen- 
dent entities in terms of survival or other 
characteristics (Sulzbach and Cooke 
1978). This will not bias any estimators, 
but will mean that true sampling vari- 
ances are larger than those given by the 
statistical models. Thus, any calculated 
confidence intervals will be narrower 
than they should be. 

A simple example for illustration is to 
consider a population composed of in- 
dependent pairs of birds that behave as 
though they are a single individual. A 
sample of N individuals from this popu- 
lation is effectively only one-half of N 
and, hence, any sampling variances will 
be much larger than those for the models 


]. Wildl. Manage. 46(1): 1982 





HETEROGENEOUS SURVIVAL RATES « Pollock and Raveling 


that assume the sample is N independent 
individuals. The actual situation in real 
populations is much more complex, with 
many partially dependent members, but 
the effective sample size will still be less 
than the actual sample size. This would 
impact the confidence intervals of anal- 
yses of survival for geese and swans be- 
cause of their strong pair and family as- 
sociations. 


The Fate of a Given Banded Animal 
is a Multinomial Random Variable 


This is not really an assumption. It fol- 
lows from the assumption of indepen- 
dence. 


All Banded Individuals of an 
identifiable Class Have the Same 
Annual Survival Rates and 
Recovery Rates 


The effects of failure of this assumption 
have been discussed in detail elsewhere 
in this paper. We feel it is likely that pop- 
ulations with heterogeneous survival and 
band-recovery rates exist in practice be- 
cause: (1) Migration is often on more than 
1 flyway, and even on a single flyway 
there is often a series of wintering points. 
(2) Hunting pressure varies drastically 
from state to state and even in different 
regions of the same state, especia!ly be- 
cause of the existence of refuges. (3) Hab- 
itat on the breeding and wintering 
grounds is variable. 


CONCLUSIONS 


We feel that wildlife scientists in- 
volved with banding studies should give 
careful consideration to the model as- 
sumptions we have discussed. We be- 
lieve that particular attention should be 
given to whether the sampling is random 
and to whether heterogeneity of survival 
and band-recovery rates is pronounced. 
The question of the effect of the banding 
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process itself either directly or indirectly 
on survival is also important. 

If population segments exist and are of 
interest in their own right, other forms of 
data such as repeated observations of col- 
or-marked, live birds on the breeding and 
wintering grounds should be considered 
if possible. Clearly, alternative methods 
of data collection will not be without 
their own difficulties. 
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NUMERICAL ESTIMATION OF SURVIVAL RATES FROM 
BAND-RECOVERY AND BIOTELEMETRY DATA 


GARY C. WHITE, Environmental Science, MS-K495, Los Alamos National Laboratory, Los Alamos, NM 87545' 


Abstract: The estimation of survival rates from tagging or banding data has been well developed by 
Brownie et al. (1978). However, problems occur when sparse data sets result in undefined estimates, when 
survival estimates exceed unity, when a hypothesis about the data cannot be tested by any of the available 
models, and when constraints on model estimators are desired. This paper presents a general analysis method 
whereby the models of Brownie et al. (1978) and many other methods described in the literature are merely 
special cases. Models are specified algebraically as cell probabilities consisting of functions of the survival 
rates and other parameters to be estimated. These algebraic expressions and the observed cell values are 
input to the computer program SURVIV to provide maximum-likelihood estimates of the unknown param- 
eters and perform hypothesis tests on the data. The generality of the model specification also allows estimation 


of survival rates from biotelemetry data. 
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Estimates of the critical parameters of 
a wildlife population are required for its 
sound management. Estimates of recruit- 
ment and survival are needed to harvest 
a population in an optimal fashion. In this 
paper, numerical methods of maximum- 
likelihood estimation of survival rates from 
biotelemetry and banding data are de- 
scribed and a general computer code to 
perform the estimation is presented. 

Maximum-likelihood (ML) estimation 
is a rigorous statistical method of obtain- 
ing estimators jor unknown parameters. 
ML estimators fall into 2 classes: (1) closed 
form and (2) iterative or numerical. In 
either case, a likelihood function L(6|X) 
involving the parameters of interest (the 
vector 6) is formed, given the data (X). In 
the context here, @ usually represents sur- 
vival and recovery rates. In all cases, the 
ML estimators can be found as the solu- 
tions of 


d In L(6|X) =0 
0 6, 


That is, the partial derivative of the nat- 
ural logarithm of the likelihood function 
with respect to the ith parameter is set 
equal to zero and solved for 6,. From cal- 





culus, this procedure is known to find the 
maximum of the log-likelihood function 
(hence the name “maximum likelihood’). 
If @ is a vector of 9 parameters, then there 
are 9 equations to be solved (usually non- 
linear simultaneous equations). Often, 
these equations can be solved algebraical- 
ly, such as the ML estimators presented 
by Seber (1970). 

More frequently, it is impossible, or at 
least difficult, to solve these equations al- 
gebraically. In this case, ML estimators of 
each parameter 8, can be found by itera- 
tively (using numerical techniques) max- 
imizing the likelihood function L(6|X). 
Systems that can be solved algebraically 
can also be solved numerically, but not 
vice versa. 


Numerous authors (cf. Robson 1963; 


Murton 1966; Cormack 1970; Seber 1970, 


1971, 1972; Johnson 1974; Youngs and 
Robson 1975; Brownie et al. 1978; North 
and Cormack 1981) have developed esti- 
mators of survival rates from band- or tag- 
recovery data, making a wide variety of 
specific assumptions. In each of the ref- 
erences cited, maximum-likelihood meth- 
ods were used to derive the estimators and 
their sampling variances and covariances. 


‘Present address: Wagar Bidy., Colorado State University, Ft. Collins, CO 80523. 
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Jolly (1965:228-230) demonstrated how to 
build a general model (likelihood func- 
tion) for capture-recapture sampling for 
open populations. He then derived esti- 
mators for only a few special cases of this 
model due to the difficulties of algebra- 
ically solving the likelihood equations. 
Numerical solution of complex likelihood 
equations such as those presented by Jolly 
(1965) provider a means of obtaining es- 
timates for any particular model, includ- 
ing the most general model, from a com- 
plex likelihood function. The biologist or 
biometrician is no longer constrained by 
the algebraic complexity of solving the 
likelihood equations from using a model 
that provides a realistic representation of 
the biological situation. 

Brownie et al. (1978:9-12) demonstrat- 
ed how a conceptual model of band-re- 
covery data is used to construct a likeli- 
hood function and derive ML estimators. 
All of the references cited use the tech- 
nique they describe. The computer pro- 
gram presented here also uses the same 
technique to perform ML estimation of 
survival and recovery parameters. Any of 
the models mentioned in the references 
cited can be handled by the program, be- 
cause they are merely special cases of the 
more general theory. The results of 
Brownie et al. (1978) are the most recent 
and comprehensive; thus, comparisons 
with their work will be made through the 
remainder of the paper. 

Band- or tag-recovery models are more 
general than needed for biotelemetry data 
in that the fate of radio-marked animals 
is usually known, but legbanded birds are 
often not recovered. Whereas the recov- 
ery rate (f) of bands must be estimated, 
the recovery rate of radios is usually 
known exactly (ie., f= 1). Maximum- 
likelihood estimation is also useful to ob- 
tain estimates of survival rates from bio- 
telemetry data. 
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Herein are described procedures and a 
computer program that treat survival-es- 
timation methods as specific cases of a 
more general model. Methods of estimat- 
ing parameters and testing general hy- 
potheses about the model parameters are 
presented. The trade-offs between numer- 
ical vs. analytical maximum-likelihood es- 
timation of survival rates are discussed and 
the necessity of an easy-to-use program 
illustrated. A Monte Carlo simulation of 
the effects of bounding parameters on 
their bias is presented and an example of 
survival-rate estimation for an elk (Cervus 
elaphus nelsoni) biotelemetry study is 
provided to illustrate the practical appli- 
cation of the approach described in this 
paper. 

I thank D. R. Anderson for many help- 
ful comments and suggestions on the 
manuscript and K. P. Burnham for dis- 
cussions on the numerical estimation of 
survival rates from banding experiments. 
This work was funded by Contract 
W-7405-ENG.36 from the U.S. Depart- 
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PARAMETER ESTIMATION BY 
NUMERICAL METHODS 


The general model for estimating sur- 
vival rates from biotelemetry data is struc- 
tured identically to that of Brownie et al. 
(1978:9-12), consisting of a set of multi- 
nomial distributions tied together by com- 
mon parameters to describe the expected 
cell probabilities, with the numbers of an- 
imals banded or tagged treated as fixed 
observable numbers. The model is best il- 
lustrated by considering a simple exam- 
ple. Assume that 40 and 50 animals are 
radiocollared in years | and 2, respective- 
ly. The fate of these 90 radio collars is 
known (Table 1), based on a 3-year bat- 
tery life. Thus, the “disappearance” of the 
animal after 3 years is attributed to bat- 
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Table 1. Simulated and expected recovery 
for years 1-4 were 0.6, 0.7, 0.5, and 0.6, respectively. 





history of 90 radio collars placed on elk in years 1 and 2. The true survival rates 





Year collars returned 








Ye Number Battery 
~ collared l 2 3 4 failure 
Simulated Recoveries 
l 40 12 Ss 13 7 
2 50 13 17 7 13 
Expected Recoveries 
1 N, N(l-S) NS(I-S) NSS -S,) NSS, 
2 N, NAl — S,) N,SA1 — S,) NSS i — S,) NSS, 





tery failure. This simple example assumes 
no animals are lost due to radio failure or 
emigration from the study area. 

Brownie et al. (1978:9-12) used the cell 
probabilities of models such as that in Ta- 
ble 1 (Boyd 1956, Seber 1970) to construct 
a likelihood function and derive ML es- 
timators of the unknown parameters (in 
the example S,, S,, S,, and S,). The com- 
puter programs they described are the 
current “state-of-the-art” for estimating 
survival rates from band-recovery data. 
Several limitations occur with their ap- 
proach. First, the parameter estimates are 
not constrained in a bounded region; thus, 
estimates of survival rates greater than 
unity occasionally occur, particularly if 
samples are small. Second, if a sparse data 
matrix happens to occur (i.e., certain crit- 
ical cells have zeros), some estimators are 
undefined, even though the estimated sur- 
vival for that cell could be unity (cf. North 
and Cormack 1981). 

The restrictions of the programs pro- 
vided by Brownie et al. (1978) can be al- 
leviated by optimizing the likelihood 
function numerically, with the parameter 
space restricted to the range of admissible 
parameter values. Several other advan- 
tages are incurred by using numerical 
procedures. Sets of parameters can be 
constrained to a common value. Thus, in 
the simple example, S, and S, can be con- 


strained to a common value, and likewise 
S, and S,. Thus, the parameter space can 
be reduced from 4 to 2 and, if this model 
is still appropriate for the data, more pre- 
cise estimates of the parameters are 
achieved. 

An additional extension of the models 
presented in Brownie et al. (1978) is that 
models can be developed that allow the 
same survival parameters for 2 sexes at 1 
age-class, but different survival rates at a 
later age-class. Consider as an example the 
estimation of survival of a cervid species. 
The survival of male and female young 
may be identical to develop a parsimoni- 
ous model. However, when the age-class 
is reached where sex differences become 
obvious (such as antlers), the survival rates 
could differ. Thus, models to estimate the 
survival rates of cervid species should al- 
low common survival rates for the young 
animals of both sexes, but difterent sur- 
vival rates for the sexes at later age-classes. 
Tests of the hypothesis of identical surviv- 
al of the young should be made before this 
hypothesis is supported, however. 

The drawback to the numerical opti- 
mization approach is formulating the al- 
gebraic expression of the likelihood func- 
tion. A computer program described in a 
later section is available to construct the 
likelihood function from the algebraic 
expressions for the expected cell probabil- 
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ities, perform optimization (with con- 
straints), and construct likelihood-ratio 
tests between models. However, the user 
must thoroughly understand the formu- 
lation of the expected cell probabilities to 
use this program. 

A 2nd shortcoming of the numerically 
derived estimates is that the small sample 
bias of the estimators currently cannot be 
corrected as is done with analytical esti- 
mates (cf. Brownie et al. 1978:16). How- 
ever, Monte Carlo simulation results (see 
Discussion) suggest that constraining the 
range of the estimate to its admissible 
range may partially offset the bias of the 
estimators. 

A 3rd drawback of the numerically de- 
rived estimates is that the program may 
occasionally fail to converge on the global 
maximum of the likelihood function. Such 
failures of the method may be due to small 
data sets relative to the number of param- 
eters being estimated, low numerical pre- 
cision of the computer relative to the 
number of parameters being estimated, 
and finally lack of parameter identifiabil- 
ity. In the Ist 2 circumstances, failure to 
converge theoretically should not occur, 
but does due to the physical limitations of 
the machine. However, in the 3rd case, 
estimates should not be obtained. Due to 
the limit of numerical precision of digital 
computers, the program will attempt to 
find a solution, even though none exists. 
Generally such solutions are obviously 
wrong, because some parameters were not 
changed from their initial values and/or 
the variance-covariance matrix is not pos- 
itive definite. 


HYPOTHESIS TESTING VIA 
NUMERICAL PROCEDURES 


Numerical maximization of the likeli- 
hood function produces ML estimates of 
the unknown parameters. Generally, the 
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researcher also wants to test hypotheses 
from the data. Likelihood-ratio tests pro- 
vide the means of testing elaborate hy- 
potheses about complex data sets. 

The appropriateness of estimating com- 
mon parameter values can be easily de- 
termined with numerical methods be- 
cause likelihood-ratio tests can be 
constructed from the values of the likeli- 
hood functions evaluated at the ML esti- 
mates. Thus, if the null hypothesis of H,; 
S, = S, and S, = S, is to be tested, the like- 
libood function is first maximized with all 
4 parameters individually estimated and 
then maximized again with S, = S, and 
S, = S,. Then a likelihood-ratio test with 
the 2 likelihood values is constructed. Be- 
cause the computer programs described 
by Brownie et al. (1978) use specific 
models, all hypothesis tests are for specific 
situations. The numerical optimization 
procedure allows a more general ap- 
proach. 

Likelihood-ratio tests are specific tests 
between 2 particular models where the 
null hypothesis is H,: Model A is equiva- 
lent to Model B when Model B is a special 
case (nested) of Model A. The alternative 
hypothesis is H,: Model A is not equiva- 
lent to Model B. Likelihood-ratio tests are 
constructed from the values of the likeli- 
hood functions for each of the models to 
be compared. By likelihood-ratio theory, 
the quantity 


L(6,| X) 
L(6|X) 


is known to be asymptotically chi-squared 
distributed with degrees of freedom equal 
to the number of parameters removed 
from the parameter space for the reduced 
model (model in the numerator with pa- 
rameter vector 6,) (Mood et al. 1974:440). 
Thus, to test the hypothesis that 2 survival 
rates are equivalent, the likelihood value 


x= -2In 








SURVIVAL-RATE ESTIMATION * White 


for the general model with S, and S,., both 
estimated is obtained. Then S§, is set equiv- 
alent to S,,, (ie., the parameter space of 
the reduced model is made smaller by | 
parameter) and the likelihood for this re- 
duced nodel is obtained. The resulting 
chi-square statistic is distributed with | 
degree of freedom. Additional parameters 
can be equated to obtain more general hy- 
potheses (ie., S,=S,.,=S,.,..., or $= 
S,. S,., = S,.,, ...) to obtain a chi-square 
statistic with more than | degree of free- 
dom. 

Chi-square ..oodness-of -fit tests can also 
be constructed for any particular model 
by summing the (observed — expected)’ / 
expected values for each of the cells of the 
model (Mitra 1958). Generally, cells with 
expected values less than 2.0 are pooled 
with neighboring cells (Roscoe and Byars 
1971) to obtain a chi-square statistic. 


PROGRAM SURVIV 

The practical application of the numer- 
ical optimization approach requires that a 
user-oriented computer program is avail- 
able. That is, the chore of constructing the 
matrix of expected cell probabilities is dif- 
ficult in itself and additional complica- 
tions due to complex input for a computer 
program make the task nearly insur- 
mountable. Program SURVIV has been 
developed to handle the numerical opti- 
mization task with straightforward and 
simple input to SURVIV. The advantages 
to numerical estimation would be offset 
by requiring a complex coding of model 
specifications and observed data. The sim- 
plicity of this input is demonstrated by a 
simple example for biotelemetry data. 

Program SURVIV uses the procedures 
MODEL, ESTIMATE, and TEST to per- 
form the numerical estimation calcula- 
tions. PROC MODEL constructs the like- 
lihood function from algebraic expressiots 





describing the cell probabilities. The gen- 
erality and ease of model specification are 
shown by the input in Fig. | for the sim- 
ple example in Table 1. The PROC MOD- 
EL statement sets various options and 
alerts the program that the observed and 
expected cell probabilities are to follow. 
The COHORT card sets the number of 
animals for the Ist multinomial and is fol- 
lowed by the 3 multinomial cells with the 
observed value separated from the ex- 
pected value by a colon. The entry of the 
expected cell probability is the feature of 
Program SURVIV that makes the numer- 
ical approach described feasible. The pa- 
rameters to be estimated are denoted by 
the S(I) notation in the algebraic expres- 
sion. This algebraic expression must be 
FORTRAN compatible, because the pro- 
gram manipulates this code to construct a 
FORTRAN subroutine to evaluate the 
likelihood function. 

PROC MODEL continues to read CO- 
HORT, cell probability, and LABELS 
cards until the PROC ESTIMATE card is 
encountered. PROC ESTIMATE is called 
to make the actual parameter estimates. 
The INITIAL statement (Fig. 1) signifies 
that initial estimates of some parameters 
are provided (the default is S(I) = 6.5). The 
Ist time ESTIMATE is called in Fig. 1, 
only boundary constraints are provided 
(i.e., the admissible range of the parame- 
ter values are set). This call to PROC ES- 
TIMATE evaluates the model with 4 in- 
dividual values of S(1), S(2), S(3), and S(4). 

The 2nd call (Fig. 1) to PROC ESTI- 
MATE evaluates the model with S(1) = 
S(2) and S(3) = S(4) (i.e, the reduced 
model where 2 sets of parameters are as- 
sumed equal). The CONSTRAINTS state- 
ment is used to specify these equalities, 
and the degrees of freedom of the model 
are automatically reduced by 2. At this 
time, the constraints must be constants, 
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PROC TITLE SMALL BIOTELEMETRY EXAMPLE FOR JWM ARTICLE 


PROC MODEL NPAR-4 


* SIMPLE BIOTELEMETRY EXAMPLE * . 
* NUMBER OF ANIMALS COLLARED IN YEAR 1° 


. NUMBER OF ANIMALS COLLARED IN YEAR 2° 


‘et 11) 
12 (1 -S(1 
6: mt shee 
. : SNE :: $(3)) 
*S(3) 
13 13 (1 s(2)) 
17 S(2 4 he 
3 Vl Hine 
s *S(4 
ABELS 
S(1)-SURVIVAL RATE IN YEAR 1. 
$(2 IVAL RATE IN YEAR 2. 
S(3)-SURVIVAL RATE IN YEAR 3. 
S(4)-SURVIVAL RATE IN YEAR 4. 








PROC ESTIMATE NAME -GENERAL 


* ALL PARAMETERS ‘watt n~y ESTIMATED * 


INITIAL. S$(1)-0.6. S$(2)=0 7. $(3)=0 5. $(4)=0 

PROC ESTIMATE NAME=CONSTRAIN (* SETS OF 2 PARAMETERS CONSTRAINED . 
INITIAL. S(1)-0.6. $(2)-0 7. $(3)=0.5. $(4)=0 
CONSTRAINTS. oN fF $(3)= rio 

PROC TEST * GENERA T OF ABOVE 2 MODELS * 


PROC STOP * SIGNAL END OF ANALYSIS 


E LIKELIHOOD RATIO 


Fig. 1. input to Program SURVIV to analyze the data and model m Table 1 Statements are seperated by sermucoions and 
observed recovenes are separated from the aigebraic expression for the expected cell probabilities by colons 


hence they cannot be a function of the 
parameters. 

PROC TEST performs a likelihood-ra 
tio test between all pairs of models called 
in PROC ESTIMATE, given that the de- 
grees of freedom available for each model 
are not equal. In this simple example, only 
1 test is performed because only 1 pair of 
models is available: the general model with 
4 parameters and the reduced model with 
2 parameters. The null hypothesis tested 
is H,: S, = S, and S, = S, vs. the alterna- 
tive hypothesis H, of at least 1 of the 
equalities not true. 

Other procedures in Program SURVIV 
useful for performing survival-rate esti- 
mation experiments are SIMULATE and 
SAMPLE SIZE. PROC SIMULATE per- 
forms Monte Carlo simulation of a model 
entered via PROC MODEL. Use of PROC 
SIMULATE allows the researcher to de- 
termine the power of hypothesis tests and 
to determine expected confidence-inter- 
val length of interval estimates based on 
numbers of marked animals and estimat- 
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ed survival rates. PROC SAMPLE SIZE 
performs sample-size estimation for band- 
ing experiments, as described by Brownie 
et al. (1978:186-193). Both of these pro- 
cedures are designed to aid the researcher 
im performing an optimal analysis to es- 
timate survival rates. PROC SIMULATE 
is also useful in studying the operating 
characteristics of a model and the associ- 
ated estimates. 


NUMERICAL ALGORITHMS IN 
PROGRAM SURVIV 


Program SURVIV uses a quasi- Newton 
method (Fletcher 1972) to minimize the 
likelihood function constructed from the 


cell probability expressions. Neither Ist nor 
2nd partial derivatives of the likelihood 


function with respect to the parameters 
is required. 

Parameters are constrained to the inter- 
val (S,, S,) with the transformation (Box 
1966) 


S, = (S, ” S, (0.5 sin{P,) + 0.5) + S,. 
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where P. varies in the interval (—2, +00), 
but S, is always S, < S, < S,. 


EFFECTS OF PARAMETER 
BOUNDARIES ON ESTIMATES 

A Monte Carlo simulation using PROC 
SIMULATE was performed to assess 
whether constraining the parameter esti- 
mates to their admissible range caused the 
remaining estimates to exhibit poor prop- 
erties. A banding-analysis model (Model 1 
of Brownie et al. 1978:15-20 or Seber 
1970) was chosen for the simulation be- 
cause both bias-adjusted and exact maxi- 
mum-likelihood estimators (Brownie et al. 
1978:16) were known. Banding was as- 
sumed to occur for k = 10 years, with N, = 
75 birds banded each year (a small sample 
size ensuring some estimates >1). Recov- 
eries were followed for | = 10 years, thus 
9 survival rates and 10 recovery rates can 
be estimated. Recovery rates were all set 
to 0.075, but the 9 survival rates were var- 
ied by year as 03, 0.4, 0.5, 0.6, 0.7, 0.6, 
0.5, 0.4, and 0.3, respectively. Estimation 
was replicated for 1,000 simulations. The 
9 estimates of survival rates were con- 
strained to the interval [0, 1}. 

Simulation results varied (Table 2). At 
least 1 of the bias-adjusted survival esti- 
mates was >! for 37.6% of the simula- 
tions. The numerical estimates are biased 
(as expected), but not as much as the un- 
adjusted analytical estimates. Thus, the 
trade-off between the numerical estimates 
and the bias-adjusted estimates is bias vs. 
up to 12% inadmissible values for S, = 0.7. 
This trade-off would favor the numerical 
estimates as the true parameter proceeds 
toward unity because the numerical pro- 
cedure shows less bias. It would favor the 
bias-adjusted analytical estimates as the 
parameter value proceeds toward 0.5 be- 
cause there is less chance of obtaining in- 
admissible values as S decreases and the 
bias increases for the numerical estimator. 





However, as S approaches zero, small ob- 
served values will lead to greater probe- 
bility of failure of the analytical estimator 
(i.e., zero denominator). The numerical 
procedure handles the zero cells by con- 
straining | or more estimates to 0 or 1. 


EXAMPLE USING 
BIOTELEMETRY DATA 


Elk were radiocollared by Los Alamos 


National Laboratory personnel from 1978 
to 1980 with radio collars having a 3-year 
battery life. Animals were initially col- 
lared only in the eastern Jemez Mountains 
of New Mexico, but in 1980 a 2nd herd 
was studied in the western Jemez Moun- 
tains. The age and sex of the animals col- 
lared (by location and year) and the collar 
returns varied (Table 3). 

Program SURVIV can be used to test 
the hypothesis of interest: was the survival 
of western Jemez elk different from that 
of eastern Jemez elk? This hypothesis in- 
volves testing the equality of the 1980 sur- 
vival rates for the western and eastern an- 
imals. That is, the survival parameters for 
western Jemez elk are set equal to the cor- 
responding parameters for the eastern Je- 
mez elk in the CONSTRAINTS section of 
PROC ESTIMATE. The results of this 
model are tested against the general mod- 
el where all parameters are estimated in- 
dividually. 

Some of the survival rates are not estim- 
able for this data set (e.g., adult male sur- 
vival for 1978) because no animals were 
captured. Program SURVIV can handle 
such data because either the parameter 
can be left out of the cell probability state- 
ments, or the parameter can be fixed to a 


ated 
The sequence of 5 models was tested 
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ares, making a total of 24 parameters. 
Only 20 of these parameters are estimable 
from the data available (Table 3). The ist 
reduced model was that survival was the 
same in geographic areas, and the null hy- 
pothesis was not rejected (P = 0.25). Then, 
the hypothesis of survival equal between 
years was tested (P = 0.51), and again was 
not rejected. The next hypothesis was that 
survival was the same for age- and sex 
classes within the categories of hunted and 
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female age-classes are pooled as | survival 
rate, and adult and yearling maies as | 
survival rate, giving only 2 survival pe- 
rameters to estimate. This highly reduced 
model wzs not significantly different from 
the previous model (P = 0.17). The last 
model of all survival rates constant was 
rejected by the goodness-of-fit test (P < 
0.01) as well as by the likelihood-ratio test 
against the previous model (P < 0.01). 
These results must be interpreted with- 
in the framework of statistical hypothesis 
testing, ie.. we “fail to reject” the null 
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DISCUSSION 
instantaneous Survival Rates 
Program SURVIV can also be used to 
However, a more extensive data set may estimate instantaneous survival rates The 
indicate that survival rates do differ be- finite survival rate (probability of survival 
tween age- and sex classes other than for the time period between bandings) can 
hunted and nonhunted Certainly the be replaced with the appropriate algebra- 


0.93 + 0.03 for the hunted and nonhunted 


segments of the radio-collared elk popu- 
lation, respectively 


sted dandasd exvers ave @54 + 0.10 and 
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survival rate Rather than an estimate and 
standard error of a finite rate, the estimate 
and standard error of the instanta>cous 
straints on the instantaneous rate would 
differ from the default interval of (0. 1) 
appropriate for a finite rate 
Radio Failure 

The failure of biotelemetry transmitters 
atiached to experimental animals is as- 
sumed to occur only at the predicted time 
of battery depletion AWhough failure with 
modern. commercially available equip- 
ment is generally uncommon. failures do 
occur How radio failures are handled in 
the analysis depends on the cause of fail- 
ure |f the failure is truly a random event 
(ic |silure was not caused by some factor 
attributable to the animal's survival char- 
acteristics), then the animal can be dis- 
carded from the study and the number of 
radio-marked animals reduced by | 
However, often the failure of a radio is 
due to the animal's mortality. sach as when 
it is iegally killed and the radio de- 
stroyed In this case. the time of radio fail- 
ure should be taken as the time of the 
animal's death Obviously the biologist is 
not always sure why the radio failed A 
small percentage of radio failures will not 
greath change the results However. sig- 
nificant numbers of radio failures bead to 
subjective dectsons and will uvalidate the 
results The only scluticn to this problem 
is to use high-quality equipment so that 
random failures occur infrequently and 
time of death can be taken as the time of 
radio failure Reliability studies of radio 
transmitters might also be performed by 
double-radio-tagging animals Radio fail- 
ure is not the same problem as that of 
band low (Nelson et al. 1980), because ra- 
dio failure is known to occur. whereas the 
loss of a band is rarely identified The fail- 


ure of a radio can be placed in a specified 
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time interval, and the problem is | of ex- 
cluding the animal from the experiment 
or assuming that the radio failure time is 
also the animal's time of death 

Radio-marked animals that move great 
distances from the population being stud- 
ied present an additional conaplication If 
they are known to have moved off the 
area, their survival rates may not be rep- 
resentative of the population and hence 
should be discarded If the animal is not 
located again (ic. the fate of the animal 
is not known). the animal can be classified 
as a radio failure 


Heterogeneous Survival Rates 

Pollock and Raveling (1982) discussed 
the problem of heterogeneous survival 
rates of the members of the population 
They found that the bhand-recovery models 
of Brownie et al (1978) provide unbiased 
estimates of the average annual survival 
rate and the average recovery rate if both 
year-to-year recovery and survival rates 
are independent. They conjecture that 
such unlikely because an individual 
with a high survival rate | vear will prob- 
ably continue to have a high survival rate 
the next vear 

Estimates of survival rates from biote- 
lemetry data using the techniques de- 
scribed would abso be the average rates for 
heterogeneous populations. with the de- 
gree of bias depending on the correlation 
of survival rates among years. The ability 
of the biologist to separate the population 
based on age. sex. or any other identifiable 
characteristics of the animals helps in ex- 
amining the causes of heterogencity The 
example of survival-rate estimation for etk 
in New Mexico illustrates the procedure 
for testing for differences in survival rates 
based on the geographic area where the 
animal was radiocollared Tests of differ- 
ences im survival rates of radio-marked 
animals could also be constructed based 
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on the geographic area of recovery or past 
arers used. For example, Pollock and Rav- 
eling (1952) mentioned the case of water- 
fow! banded at the same location using 
different migration corridors. Radio- 
marked birds could be followed during 
migration to determine a category for 
separating the marked animals. and a test 
of the equality of survival rates for migra- 
tion corridors could be conducted This 
approach will not apply to waterfowl that 
are only banded because the model re- 
quires both survival and recovery rates to 
be estimated. Recovery rates for radio- 
marked birds are known except if radio 
failures become significant 

Current ecological theory suggests that 
individuals in a population must have het - 
erogencous survival rates over their life- 
time because selection of the fittest im- 
plies that some animals are more fit than 
others. Presumably. fitness may be asso- 
ciated with survival rates. However, the 
variability of survival rates could not be 
too large or the proportion of the popu- 
lation with low survival rates would al- 
ready be extinct. Thus, survival rates are 
undoultedh heterogeneous, but not dras- 
tically so The results of Pollock and Rav- 
eling (1982) show that the variance of the 
distribution of population survival rates 
must be fairly large to cause substantial 
bias in survival estimates. | suspect that 
the innate variability of a population's an- 
nual survival-rate distribution is not large 
enough to bias survival estimates signifi- 
cantly 


Sparse Data 

One of the advantages of Program 
SURVIV over current methods available 
to handle the estimation of survival rates 
from hand-recovery data is its ability to 
handle small sample sizes and sparse re- 
covery matrices However, this ability may 
become a hindrance to biologists analy z- 





ing such data because incorrect conclu- 
sioms may often be reached if the user is 
unaware of the dangers of the statistical 
procedures Small samples usually lead to 
hypothesis tests that lack power, and thus 
Type Ul errors are made (ic, the null hy- 
pothesis is accepted when it should have 
been rejected) When the null hypothesis 
is accepted, usually nothing has been 
learned. Statistical tests only reject hy- 
potheses, they do not prove them true 
Thus, accepting a null hypothesis may 
mean the hypothesis is actually correct. or 
it may mean that a Type Il error has been 
made The only correct conclusion that can 
be made is that further research is re- 
quired. Use of Program SURVIV on sparse 
data sets may lead to increased under- 
standing of the biological situation if the 
principles of statistical hypothesis testing 
are well understood: However, if the pro- 
gram is used withod this understanding. 
greater confusion of the biological picture 
will result 


Plant or Bird-nest Survivorship 


The problem of estimating survival rates 
of sessile organisms such as plants or bird 
nestlings has been considered by May field 
(1961, 1975), Johnson (1979), Hensler and 
Nichols (1981). and Bart and Robson 
(1982) The survival-rate estimation prob- 
lem considered by Bart and Robson (1982) 
can be handled by SURVIV because max- 
imum-likelihood estimates can be ob- 
tained from the cell probability expres- 
sions for the fates of the organisms under 
observation Generally. for nest studies. the 
object is to estimate the daily survival rate 
(DSR) from which the survivorship dur- 
ing any interval of length | o.n be esti- 
mated as (DSR) 

Bart and Robson (1982) used mourning 
dove (Zenaida macroura) nest-success data 
frm the North American Nest Record 
Card Program (NRCP). They estimated 
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the daily nest-survival rate for doves from 
the center and periphery of the doves’ 
North American range, and tested wheth- 
er the daily nest-survival rate was constant 
for the 2 areas. 

Nests are initially located then checked 
at a later time to determine if the nest is 
still active (i.e., has not been destroyed by 
pre’:tors or abandoned). The time be- 
tween the initial location of the nest and 
the follow-up check will vary. Thus, the 
cell probability expression for nests that 
are observed L days apart in Program 
SURVIV would be S(1)**L, where S(1) is 
the daily survival rate. Suppose that 30 
nests are located on day 3, and 15 are 
checked on day 6 with 13 still surviving, 
and the remaining 1° are checked on day 
8 with 12 still surviving. Then the cell 
probability and cohort cards to estimate 
the daily survival rate [S(1)] for Program 
SURVIV would be 


COHORT = 15; 
13: S(1)**3; 
COHORT = 15; 
12: S(1)**5; 


Program SURVIV would automatically 
supply the additional cell probability for 
each cohort by subtracting the above 
expressions from unity. 

Reanalysis of the Bart and Robson 
(1982) data with Program SURVIV gives 
exactly the same estimates of daily nest 
survival for the 2 areas because they de- 
rive the maximum-likelihood estimates. 
However, the variances of the estimators 
are derived with slightly different as- 
sumptions about the number of nests lo- 
cated (cf. Bart and Robson 1982:1080- 
1081) and an ML estimator of the vari- 
ance was not obtained. The variances cal- 
culated with Program SURVIV assume 
that the number of nests located is fixed 
(i.e., a predetermined number of nests is 
located). Thus, the standard errors of the 
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estimates and the probability level of the 
test of differences between the center and 
peripheral areas from Program SURVIV 
do not agree with those of Bart and Rob- 
son (1982). 

Bart and Robson (1982) also suggested 
extensions to the basic modei they pre- 
sented, such as a visitor-impact factor and 
changes in the daily survival rate through 
time. Such extensions are relatively easy 
to incorporate into models analyzed with 
program SURVIV. For example, the visi- 
tor-impact model they suggested does not 
fit the dove data significantly better than 
the standard model. 


PROGRAM AVAILABILITY 


Program SURVIV has been written in 
ANSI FORTRAN 77 (ANSI 1978) and is 
portable between machines having a 
FORTRAN 77 compiler. Conversion to 
any machine with a FORTRAN 77 com- 
piler should not be difficult. However, 
conversion to a non-FORTRAN 77 com- 
piler may be difficult because of the 
CHARACTER constructs used in Pro- 
gram SURVIV. A magnetic tape of the 
source code, example input, and a user’s 
manual for the program are available upon 
request from the author. 
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